Fundamentals of Thermodynamics 



The opinions and assertions expressed tn this book are the private ones 
oj the authors and are not to he construed as ojfiaal or rejlecting the 
news of the Nary Department or oJ the naval service at large 



mittmiiitmiiittttttitiititnmitmntitiiMMfnittitttitnMiitntuiiiMiitntttfinnittttuntnnniftittttitittiiimtiiirtmitMttimMittiitttiimmi 


Fundamentals of Thermodynamics 


By Arthur Stanton Adams 

Captain, U.S.N. (Ret.) 
Protvst-rlrctf Cornell Unitersity 

and George Dewey Hilding 

Lieutenant Commander, U.S.N. (Ret.) 
Formerly Assistant Professor cj Mechanics 
Colorado School cf ^ fines 



rt;^DAl(E^n^ALs of tkermooyn amici 
co»>YRioirr 1945, by harpfr h ntcmiEKi 
PRINTED IN TIIE UMTEO STATES OF AMERICA 

All rigkls in thu took art ttttrvti 
As t)^ tht tn<^ bt ufrodvitd in 
manner tiftalsotetr untfumt urttten prrmtmait 
except tit the ease aj hnej quotations embodied 
in critical articles end retteits For information 
address Harper & Brothers 

ow 


This hook IS a com/ifete Tension oj "Fundamentals 
oj Thermodynamics'' copyright, 19S7, by Arthur 
S Adams and Ceisrgt Dewey Hilding {rimed. 



Contents 


tuutmtnuinutuuttitmtfTtittuuuuuutttuttttituwmutmtumtimutuuttumttnitttttfmumuwtuvuiiunrttrsmtitTftmutu^rfttt 

Preface ix 


Chapter 1. Introductory Principle! and Definition! 

Meaning of the Subject 

Basis for the Laws of Thermodynamics 

Working Medium 

The Meaning of Temperature 

Tlicnnomctr)* 

Tlicrmodynamic Coordinates 

Pressure 

Volume 

Absolute Zero of Temperature. Charles’ Law 
Tlicrmaf Capacity and Specific Heat 
Latent Heat 


t 

3 

5 
3 

6 
8 

10 

12 

12 

U 

17 


Chapter 2. Heat and Work 

■^hc First Law of Thermodynamics 
Exact Meaning of the Word **Hcai” 

Mechanical Equivalent of Heat 
Intrinsic Energy* 

^ Kinetic 'Flicor^* Explanation of Intrinsic Energ>’ 
t Tlic Conscr\'ation of Encrg\\ Bernoulli Equation 

Conditions Under Whidi the Bernoulli Equation Is Applicable 
^ Steady- Flow Processes 
' Non-Flow Processes 

.General Energy* Equation of Tlicnnodynamics 
Algebraic Sign Convention for Tenns of the General Energy* Equation 
V Enthalpy 

» Energy* Equation for Non-Elow Proce^^es 
Limiting Types of Thcrmodymamic Changes 
Point and Pailt Functions 
Evaluation of jQ; 

Evaluation of tlT* 

Work Done in Cyclical Processes 
Indicator Cards 


19 

20 
22 
23 
2A 

25 

26 
27 

2^ 
* I 

31 


39 


4 "? 



Contents 


Chapter 3 Availability of Heat Energy 

Reversibility 53 

The Carnot Cycle 55 

The Carnot Principle ^ 59 

Thermodynamic Scale of Absolute Temperature 62 

Factors Affecting Carnot Efficiency 64 

^The Second Law of Thermodynamics 65 

Entropy 67 

Summary of the Properties of Entropy 76 

Use of Entropy 77 

Entropy Change in Irreversible Processes 79 

Use of Point Functions in Evaluating i(2» and iIFj 83 

The Gibbs Helmholtz Equation — Determination of AH and AF 93 

Dependence of AE, AH, and AF on Temperature The Third Law of 
Thermodynamics 97 


Chapter 4 Thermodynamic Properties of Gases; Gaseous Change of 


State 

Introduction 105 

Boyle’s Law 105 

Charles’ or Gay Lussac’s Law 106 

Ideal Gas Law 107 

Constant Volume Gas Thermometer 110 

Units in 

The Gas Constant 112 

Application of the Ideal Gas Law 113 

Other Characteristic Equations 114 

Critical Pressure, Volume, and Temperature 117 

Compressibility Fauitors 118 

Variable Specific Heats of Gases 120 

Gaseous Mixtures 126 

S^ccifin Heat of Gaseous Mixtures"' 128 

Joule’s Laiv 129 

Joule Thomson Effect 131 

Linde Process for the Liquefaction of Gases 133 

Gaseous Change of State 135 

Non Flow Constant Volume Change of State of a Perfect Gas 135 

Non Flow Constant Pressure Change of State of a Perfect Gas 140 

Non Flow Isothermal Change of State of a Perfect Gas 143 

Non Flow Adiabatic Change of State of a Perfect Gas 146 

Non Flow Polytropic Change of State of a Perfect Gas 150 



ConlenU vH 

Choptcr 5. Thermodynamic Propertiei of Voport; Vapor Chcrtge of 
Slate 

N"n 1 1 ] rc o r n \‘'n f>or 1 6 1 

Chnrnctenstic Equ.nioa*^ of Vnpon 

Pro peril C5 of Watrr Vapor Ki2 

Clajxryron Equniion 365 

Clausiu<;-CLT{)cyron Equation 166 

Tile Stenm Tallies 367 

Physical and Graphic Interpretation of Steam Tables 172 

The Mollicr (ha) Diactram 376 

Chnnetc of State of Water Vapor 177 

Non-How Constant-Volume Chan:;c of State of Wat'-r \"apor 17S 

Non-Flow Coastant-Prc\snrc Chani^jc of State of Water Vapor ISO 

Non-Flaw Isothermal Change of State of Water \\a[>or 1S2 

Non-Flow Adialjatic Cltnn^c of State of Water \’apor 186 

Non-Flow Polytropic Change of State of Water \’afK)r 187 

Constant-Enthalpy Change of State of Water Va[X)r (Tltrottling 
Process) 1 90 

The Throttling: Calorimeter 103 

Limitations of the Tltroitling Calorimeter 1 04 

Chapter 6. Compressed Air 

Tlic Use of Compressed Air 2^9 

Tlic Ideal Compressed Air C>*clc 201 

Work of the Compressor 205 

Source of Work Done by tlie Cycle 205 

Water Jacketing 207 

Multi-Stage Compression 2*'»7 

Volumetric Eflicicncy. Clearance 210 

Tlic Air Engine 214 

Reheating 215 

Overall Efiicicncy of the Compressed-Air Cycle 216 

Chapter 7. Intemol Combustion Engines; The Otto end Diesel Cycles 

Early Developments 218 

Tlte Otto Cycle 22 

r\^c Diesel Cycle 221 


Mrth.od^ of C<7ntputir^g Elhcirncics of Internal CombiUtion Enririr*- 222 
Indicated Power and brake ro‘A*cr 225 

Air Standanl AnaK^ls 22^ 

Tim Ideal Four-Stn^kc Otto Cycle 22'*' 

Air-Srandard Edlneno** Otto Cycle 226 

Tim Idea! Four-Stroke Dir^'*! Cycle 2 j'^ 



Cot\t«Rto 


vm V 

^Air Standard Efficiency, Diesel Cycle 231 

Theoretical Analysis of Internal Combustion Engine Cycles 235 

Empirical Formulas 236 

Chapter 8 Steam Cycles; Steam Engines and Turbines 

Introduction 239 

Equipment of the Steam Power Plant 240 

The Ideal Rankine Cycle 241 

Methods of Improving Rarikme Efficiency 246 

Decreasing the Condenser Temperature 246 

Superheating 247 

Increasing the Boiler Pressure 249 

Improvements in Efficiency Outside the Rankine Cycle 251 

Regenerative Feed Heating Cycle 252 

Reheating and Reheating Regenerative Cycles 254 

Binary Cycles 255 

The Reciprocating Steam Engine 257 

The Incomplete EKpansion Cycle- 259 

Engine Governing 262 

Turbines 262 

The Expansion of Steam Through a Nozzle 263 

The Impulse Turbine 265 

Pressure Staging Impulse Turbine 267 

Velocity Staging Impulse Turbine 267 

Reaction Turbines 267 

List of Symbols 272 

Steam Tables 274 

Index 283 



Preface 


ittttttnmttttitMtiitiiititiitTttittrttitnittttiititttttttttiiMttntutnMitflMifittTttinitttftfntTtttttitmttTTTitntniiitittHntfntttnttnTtimMiiim 


In writing this book, the authors sought to make scope broad 
enough to give the beginning student an understanding of the funda- 
mentals of thermodynamics adequate for further related study in me- 
chanical engineering, physics, and chcmistr)% 

It is the authors’ firm conviction that every beginning student of 
thermodynamics must have an understanding of the subject as a whole 
before he can cflcctivcly apply its principles in the field of his specialty. 
Specialization at the beginning of the study of a subject makes the 
knowledge gained vocational railtcr than professional in character. 

Tlie methods of thermodynamics have proved so u<^cful in the fields 
of their application that specialized textbooks on the subject, arc con- 
ventionally difTcrcnliatcd by titles like Engineering TlicrmodNmamic^, 
Thermodynamics for Chemical Engineers, and Chemical Tlicrmody’- 
namics. 

Tlic authors believe that it is unfortunate that this differentiation and 
specialization have extended to the beginning level of insiniclion. In- 
evitably, this has led to the mechanical engineering student often being 
entirely unaware of the applications of thermodynamics to chrmi‘^try' 
and phy'sics or, at least, coming to the stultifying conclusion that the 
thermodynamics he is studying has nothing in common with that of his 
fellow student in chemistry. The converse has l>ccn equally true. Surely, 
the principles of thermodynamics arc of such broad fundamental signifi- 
cance to all scientific and engineering endeavor that their study should 
not be partitioned in terms of their applications at the Ixrginning. 

In presenting the subject matter, emphasis has been coiwtantly and 
dclil>cratcly placed on a straightfonvard approach on the ^-olid founda- 
tion of the law’s of thermodynamics themselves. TTic authors, like other 
teachers of the subject, have found that many sincere students are easily 
confused w’hcn the subject is introduced \na the gas laws or the kinetic 
thcoty of gases. While it is true that the latter approaches excite the 
student’s natural interest in “what makes the wheels no round/* they 
also give him a wrong first impression of the overall statistical considera- 
tions of energy* exchange that characterize the sufijcct. Once tins fir.t 
impression has been made, it is exceedingly difficult to correct. 
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Hence the authors have introduced, at the beginning, the thought 
that thermodynamics is fint concerned with energy and have endeav- 
ored to make it clear that, m order to determine cnei^ exchange, con- 
sideration must then be given to the state of the thermodynamic medium 
It IS sincerely hoped that no student of this book wll ever come to the 
conclusion that the laws of Boyle and Charles are basic thermodjiumic 
laws 

In their ivork the authors have had recourse to many of the excellent 
books on the subject They have also received invaluable assistance 
from their colleagues and from those who have used the mimeographed 
version of the text in their classes So various are these sources of 
assistance that it is impossible to give adequate acknowledgment to 
them all within the compass of this preface Special mention must be 
made, however, of the helpful comments and suggestions made by 
L M K Boelter and A. R CoUins The authors are hkewisc indebted 
to Samuel Shulits, George W Thomas, Kenneth E Rose, and Van W 
Donohoo, who used the text in the classroom in mimeographed form 
and made many valuable suggestions for its improvement The authors’ 
thanks go also to Mr Donohoo for the preparation of a revised mimeo- 
graphed edition ivhich he used successfully m an E S M W T* course 
The difficult task of editing the final draft of the manusenpt for print- 
ing was undertaken by Louts D Conta, who has also given much 
assistance m the reading of proof Finally, the authors wish especially 
to thank Violet Homing and Dorothy Adams for their patience and 
accuracy In typing the several drafts of the manuscript which have 
been made 

A S Adams 
G D Hilding 
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Chapter 1 


Introductory Principles 
and Definitions 




Moaning of ifio Subject 

At the beginning of the study of any phase of knowledge, the student 
very properly wants to knotv the amwers to two questions. The firstis:. 
How^does the new subject relate to knowledge gained previously? The 
second is: ^Vhat arc the general concepts to be learned in the new field 
of study? 

In thermodynamics llic clue to tlic answer to the first question is to 
be found in tlie prefix ‘Thermo,’’ which comes from tlic Greek utjrd 
meaning “licat.” The prefix is significant, for thcnnodynnmics was 
originally called the dynamical iheor>' of heat. Clearly, then, the sub- 
ject is closely related to that part of physical science called heat. The 
suffix “dynamics” also has bearing on the relation of the subject to 
other fields of knowledge. ^Vhen the word thermodynamics was coined 
in the middle of the last centur)*, “dynamics” was taken to refer both 
to considerations of cncrg\' and to the bcha\aor of bodies acted upon 
by forces. Today “dynamics” generally has only the latter meaning, 
rxapt in ihcTijioflpwmics where it definitely refers to cncrg\\ Evidently, 
thermodynamics is also related to the older science of mechanics, in 
wliicl) the mechanical cnerg)" of bodies is studied. From wltai has 
already been said concerning the meaning of lltc parts of the word, we 
arc in a position to understand readily the meaning of the whole. A 
satisfactory" definition is that ihmnodynnrnics is that branch rj fdiysiccl sd^ 
fixer (hat it fats of (hr rrlntion bcttcccn hr at and other Jertns of cnrrrj. 

The importance of the study of tliis relation is seen when ^\•c consider 
that the tremendous industrial development of the present lias been 
largely accomplished by the application of thermodynamic lnu* 5 . 
Modern civili/ation is charncicri7cd by the utili7ation of j>owcr ratlicr 
than by the use of human lalx)r and dnidgcry". In every* instance the 
source of the ^X)^\*cr may be ultimately traced back to heal cnercy** 
Hence, if we arc to understand modern life w mu<t know somcUtine 
concerning the way in wliich ficat energy is transfonned to devrlop 
jX)wcr. As an example, rondder the automobile, which has so pro* 

t 
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faundly influenced our manner of living Everyone knows that in the 
automobile engine gasoline vapor is burned, or exploded, m the cylinders 
As a result of the burning, mechanical energy is supplied to the dnving 
wheels, and the vehicle moves Thermodynamics is concerned with the 
details of the manner in 'which the heat energy derived from the burning 
of the gasoline is transformed into the mechanical energy that turns the 
wheels Examples of this type could be multi phed almost indefim tcly All 
of them show that man’s control over his environment, resulting in his 
greater comfort and convemence, comes pnmanly from the efficiency 
with which he converts heat energy into mechamcal energy or work 
Originally the study of thermodynamics was confined to the relation 
between heat and mechanical cneigy, but later its scope was extended 
to include transformations of heat to other forms of energy, or vice versa 
In particular, the study of the relation between heat and chemical 
energy has proved fruitful, and thus the science of chemistry is related 
to that of thermodynamics Yet another fundamental science is related 
to the subject at hand, and in order to show its relationship we must 
look at the manner m which thermodynamics developed Perhaps the 
outstanding characteristic of thermodynamics is that, speaking gener- 
ally, a great number of physical and chemical laws have been deduced 
by logical reasomng from only two broad prtnapUs The formulation of 
logical reasomng is best accomplished through the agency of the science 
of mathematics So it is that the answer to our first question is that 
thermodynamics is a part of the science of physics and chemistry and 
IS intimately related to mathematics 
The ansner to the second question is indicated to some extent by 
the answer to the first Evidently, if thermodynamics treats of the re- 
lationship between heat and other forms of energy, the fundamental 
principles of the subject ivill be the physical laivs governing that rela- 
tionship As IS true in two other great branches of ph^'sical science, 
mechames and electrodynamics, the number of underlying physical laiv’s 
in thermodynamics is very small Indeed, in the so-called “classical ’ 
thermodynamics there are but tivo basic principles, conveniently desig- 
nated as the First and Second Laws of Thermodynamics In com- 
paraUvcIy recent years considerable evidence has been brought to light, 
principally by chemists, to shoiv the validity of a third underlying 
pnnciple or law From these three pnnciplcs or laws an astonishingly 
large number of far-reaching conclusions have been drawn It foUo^vs 
that a study of the subject is a study of this development, to the end 
that the student may gam a lively appreciation of the significance of 
the fundamental laws 
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Introductory Principles and Definitions 

Basis for the Laws of Thermodynamics 

At the OU15CI it must be understood that the la\\*s of tlicnnodvaiamia; 
arc empirical; that is, they have been established by the evidence of 
an almost coimiJcss number of experiments. Further, in their develop- 
ment, no assumptions arc made as to the nature of heat or the structure 
of matten In order to understand the prindplcs better, it may help 
the student to consider the modern theories of heat and matter; but he 
should keep in mind that so far as thermodynamics is concerned, the 
laws take account only of directly incasitrahk quantities such as pra'^^urc, 
volume, temperature, quantity of heal, and the like. 

Tire Firs t Law had its origin in the experiments of Count Rtirnforcl, 
an American 7 ory, who was forced to leave the United Stales bccair^c 
of the Revolution. He entered the service of the Elector of Bavaria as 
an armorer, in which capacity he had charge of a gun factor\% He 
noticed that as the guns were bored a great deal of heat was mani- 
fested, and liis curiosity about this phenomenon led liim to make experi- 
ments to determine its cause. 

He found that the boring chips possessed the same properties as the 
block metal, a result which proved that the heat was not a property 
peculiar to the form of the metal. Another possibility he considered 
was that the heat might have come from some sort of chemical reaction 
of the metal w'ith the atmosphere. In order to lest this, he bored can- 
non under water and found that the same amount of heat was liberated 
as before. From the result of these and other experiments he announced 
his conclusion in n89 that ilic heat came from the mechanical work 
expended in boring the cannon. Subsequent experiments by Sir Hum- 
phiy Da\y, Robert Mayer, and particularly tho-^c performed from 
1830 to 1843 by James Prescott Joule gave such conclu’^ivc evidence 
that in 1847 Helmholtz published a famous paper asserting the prin- 
ciple of conserwuion of cnerg)* and the equivalence of heat and mechani- 
cal cnerg)*. The evidence was so conclusive that the principle was 
accepted by the scientific world and l>ccamc known as the First Uaw of 
I'hcrmodynamics. A simple stetement cj ihe lew is (hat hrat is a form of 
rnrr^V (ransformrd into other farms of energy^ hut since en'7gy ten 

neither he created nor destroyed the total amount of energy in ary tranfrnn’itku 
remains constant. Everj^one has ob'^m-cd n manifestation of th^ Fir^t 
Law in the heating of automobile brakes. If eareful mranirrmrnts 
were made and tlic friction of mechanisms other than the brake 
subtracted, it would be found tliat ilic decrease in iftc total cn*^r{y of 
motioti and jK^siiion of the car is exactly equivalent to the licat de- 
veloped at the brake bands, 
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In 1824 Sadi Camot, a >*oung French engineer, became interested in 
devising means for improving the efficienc> of the steam engine, which 
had been invented by Watt some fifty years before Carnot thought 
that perhaps some other medium than water vapor might give the 
desired improvement m efiicicnq , but as a result of his studies he found 
that the nature of the medium had nothi n g to do with the c f h«*»«*n cy: 

^t he e ngine The inherent characteristic of anj heat cnginc'is that 

heat IS supplied at a relatively high temperature, some of it is converted 
into work b> the processes in the engine and the remainder leaves the 
engine m the exhaust at a relatively low temperature CamoLdcduccd 
th at the e fficiency of a heat engine o perating_betiveen two 
turej^depen ded on~those temperatures and on the reversibility of th e, 
chang es tha t took place inthc ci^ne Carnot’s work was revised and 
nsxt^ded by I^rd Keinn in, 1851, with the conclusion that the meas- 
ure of the transformation of heat energy into mechanical eneigy m any 
heat engine is in the temperature of the heat supply and rejection and 
in. the reversibility of the process This conclusion means that htat 
energy ts available for transformation into nvcftamcal energy only to the degree 
that its temperature ix above the lowest attainable temperature to tthick Ike engine 
can reject its exhaust Hence, no heat energ) can be transformed into 
mcchamcal energy if its temperature is at or below the lowest tempera- 
ture of the surroundings Thus, while the First Law tells us that heat 
energy is always equivalent to mechanical energy, the Second Law 
limits the extent to which the transformation can actuall) be made 
Perhaps the best statement of the Second Law was given by Qaim v^ 
“7/ IX impossible for a self acting machine^ unaided by external agency, to convey 
heat from one body to another at a higher temperature, or heal cannot by itself 
(i e , without having work done) pass from a colder to a warmer body ” 

An illustration of the apphcaiion of the Second Law is given by con- 
sidering the energy in the oceans of the world Since the average 
temperature of all oceans is about 4® C, a stupendous amount of energy 
above absolute zero is stored in them But none of this cnerg) can be 
transformed into useful mcchamcal energy because there is no naturally 
lower temperature to which the heat can Bow * 

The first two law's of thermodjuainics have been the basis for the 
development of classical thermodynamics, in which is included all of 

* A Fimch engineer Georges Claude, has in the last few years attempted to realize the 
traiisformation of som# of the energy in the oceans by building a pipe bom the surface of the 
sea to a depth of a imle or inoire temperature of ocean water at this depth is considerably 
leas than that at the surfice and so it is possible to tranifonn a teiy mall ^art of the energy 
in the Mter at the surfice into laechamcal energy The difficuluei and eaperae of the eon 
struenon and maintenance of this apparatus have thus far been to great as to male doubtfiil 
the success of the tcheoie. 
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Introductory Princfplw ond Definiliont 

what is sometimes known as engineering iherniodynnmics- Anyone 
w'ilh even a slight knowledge of chcmisir)* has ob^cr\Td that <om'' 
chemical rcactioas give ofT heat and others require heat to rati<c t!r* 
reaction to lake place. Evidently the relation bctuccn heat cnen^y and 
chemical cncrg\' should lx: a fruitful field of study for chemi**!^. They 
have seen the possibilities of this study and a great deal of valuable 
information has been gained from their researches. In particular. iIk* 
principle known as the Third Law of Thermodynamics, which is ^till 
somewhat in the process of development; has been the result of their 
studies. 

The Third Law of Thcrmodymamics, first brought forward by Xernst, 
is concerned with the thermal properties of pure chemical sub^^tancc^i 
at a temperature of absolute zero. Because its siatcmcni involve'^ words 
and ideas which have not yet been defined in this Ixok, discussion of 
it and of its significance will be deferred to a later chapter. For liic 
present, it will be profitable for us to define and discu'^s in some deini! 
the quantities and factors involved in the first two !au*s and the signifi* 
cance of the conclusioas that can be dra\sTi from them. 

Working Medium 

In general, the addition of heat to any substance will produce a 
change in its pressure, volume, and temperature. It is by means of the 
volume changes produced that a heal engine is able to do work or to 
have work done upon it. It is therefore essential that attention be given 
to the properties of the substance that is acting ns a \’chicle for the 
absorption or rejection of heat and for doing work. This substance is 
knouTi as the icorUng medium. Examples of working media arc com- 
mon; c.g., steam is the working medium in a steam engine plant, and 
the gaseous mixture made up of the products of the combustion of 
gasoline* is the working medium in the ordinary* internal com!)ustion 
engine. 

The Meoning of Tempemture 

If we place a vessel of water over a fire, we say that the water bcconi^*^ 
hot from the heat that has been added to it. Perhaps we may try* to 
determine its degree of hotness by putting our hand in it. But our 
judgment, based on scasatlon alone, is most capricious, for rxa riv the 
same scnsaiioas arc produced by an extremely hoi Ixyiy as by an 
extremely cold one. If blindfolded, a person cannot tell sshetl;rr his 
hand is Ixing burned by a red-hot iron or froren by a bit of c.itbon 
dioxide snow. The sensations are lx)und to be the for llf'-y arc 

l>oth induced by the pluViological sca^ation of injury to ^ 
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of this gross inaccuracy m the detection by sensation of the degree of 
hotness of a body, some objective measure is vitally necessary to a dc* 
termination of the actual facts Such a measure is given by the ther- 
mometer, by means of nhich we can determine ivhich of ti\*o bodies is 
hotter by measuring the temperature of each It must be kept in mind 
that temperature differs from a measurable quantity like a length m 
that when two bodies of different temperatures arc mixed, the resulting 
temperature is not in general the sum of the ti\o original temperatures 
Moreover, although temperature indicates the relative homess of a 
body, a condition caused by the addition of heat, temperature and heat 
must Ml be confused Heat ts a form of energy ^ vv hercas temperature is onij 
an indication of what has happened to a body by reason of the addi- 
tion or withdrawal of energy As we shall sec presently, the addition 
of the same quantity of heat to two different bodies at the same initial 
temperature generally results in different temperatures for the two 
bodies 

Thennomelry 

The addition or withdrawal of energy produces several well known 
changes in the properUes of a body A thermometer is a device that 
uses one of these changes to measure relative temperature m terras of 
an arbitrary scale Probably the most common effect employed in 
thermometry is expansion, as exemplified in the ordinary mercury m- 
glass thermometer Other effects frequently used are change in elec- 
tncal resistance, and the production of an electromotive force at the 
heated junction of two dissinailar metals The common mcrcurj in- 
glass thermometer is generally used for ordinary purposes, but it is 
subject to inaccuracies that limit its usefulness for exact scientific work 
Further, its range is limited to the freezing and boiling points of mer- 
cury, hence temperatures higher or lower than these must be meas- 
ured by the expansion effect using other media than mercury, by the 
change m resistance m the resistance thermometer, or by the thermo- 
electnc effect in the thermocouple High temperatures arc also meas- 
ured by the optical pjTometer, a device which eraplop the pnnaplc 
that the amount of radiant energy at a fixed w’ave length emitted by 
a hot body is dependent upon the temperature of the body (Fig 1-1) 

Before the adoption of mercury as a thermometne substance, other 
liquids, notably alcohol, were used in expansion thermometers Alcohol, 
however, boUs at a temperature lower than that for water and so its 
general usefulness is scnoiisly curtailed Moreover, the underlying dis- 
advantage of all liquid thermometers is the fact that the expansion of 
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liquids is by no means rci^^ular and the corrections whicli must lx: applied 
arc not accurately known. But the expansion of the so-called perma- 
nent gases, like hydrogen, helium, and nitrogen, is uniform over wide 
ranges of temperature. Such gases can be obtained in great purity 
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and have the further advantage that they remain gascotic down to 
exceedingly low temperature. .Also it will l>c shown later that the eas 
thermometer may he used to indicate the nb<olutc temperature — a 
decided advantage. Despite these advantage^, ii.i^ thermomrten can- 
not he generally employed even in lalxir.Uonec, let alone in technical 
work. They have two .*^eriou«i di<advantnt:c5 in that they arc rutn!>rr- 
somc and several corrections nnna applied to tlic readings rccordal 
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upon them before the actual temperature is known Consequently, the 
gas thermometer finds its greatest use as a primary standard with which 
thermometers more convenient to use may be calibrated 

All tficrmometers must be calibrated in terms of some arbitrary 
scale, of which the Fahrenheit and the centigrade scales arc in com- 
mon use The former is \rtdcly used in engineering in Great Britain 
and the Umted States, whereas the latter, a more rational scale, is 
commonly used in other countries and is employed exclusively in sci- 
enufic work The development of an arbitrary temperature scale began 
in 1660 when Hooke decided to use the freezing point of water, as 
indicated by a mercury thermometer, as the zero point of the ther- 
mometer scale Some years later Fahrenheit was experimenting %vith 
a mixture of salt and ice and noted that the temperature thus attained 
was considerably beloiv that of freezing water He erroneously thought 
he had achieved the lowest attainable temperature and so chose it as 
the zero on his temperature scale As two other fixed points on the 
scale he selected (1) the freezing point of water as 32° F and (2) what 
he thought ^vas the normal temperature of the human being With 
these fixed points it turned out that the degree was of such magnitude 
that the boiling point of water at normal atmospheric pressure was 
212° F 

In 1742, Celsius, a Swedish physicist, devised the more rational 
Celsius or centigrade temperature scale, on which the fixed points arc 
the freezing and boiling points of water at normal atmospheric pres 
sure Tlie expansion of a mercury column between these two tempera- 
tures IS divided into 100 equal divisions, each of which thus becomes 
one degree centigrade Since the expansion of a mercury column from 
the temperature of freezing water to that of boiling water is 180 Fahr- 
enheit degrees and only 100 centigrade degrees, it folloivs that the 
degree Fahrenheit (° F) vs f the degree centigrade (° C) Moreover, 
zero on the Fahrenheit scale is 32° F below the centigrade zero The 
frequently necessary conversion of readings between the two scales can 
be readily made wth the aid of the following relationships 

l(m ° C) = f (fi [m ° FJ - 32) 

and conversely 

fi(m°F) - |(t Im ° C)) + 32 

Thermodynamic Coordinates 

In a superficial way we arc apt to jump to the conclusion that the 
addiUon of heat to a medium ivill do no more than cause the tempera- 
ture to nsc A little more careful thought on the matter makes us 
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realize that ^vhcn a medium b heated in the open air, he., at coan.int 
atmospheric pressure, there is a volume change as well as a tempera* 
lure change. On the other hand, if the volume of the medium b kept 
constant, both pressure and temperature ri^c with the addition of Iwai. 
The change in the externally measurable quantities />, r. and / there- 
fore gives direct cvadcncc of what has happened to the medium. Con- 
sequently, if we wsh to ^mow exactly the state of a medium with refer- 
ence to its thermal condition, we determine two of the three dtuctly 
rnrasurahle quantities, pressure, volume, and temperature. In analytic 
gcomclr)' we locate a point on a graph by knowledge of its coordinate^. 
By analog)’, in ihnmodynamicSf pressure (p), volume (v), arA temperature (t) 
ere called coordinates^ .since knowledge of any two of (hem makes it pos- 
sible to locate exactly the thermal stale of a medium. Moreover, when 
the state of a medium is determined by fixing two of the coordinates 
the third coordinate takes on a definite value that depends on tite 
values of the fixed coordinates. In mathematical language, all tliis is 
c.\presscd by .saying tliat any two of the thermodynamic coordinates 
may be taken as independent variables and that the tiiird is a function 
of them. Thus p ^ /(r, t) expresses the functional relation among the 
coordinates. Here volume and tcmp>craturc ha\-c been taken ns inde- 
pendent variables. When values arc assigned to them, the pressure can 
be calculated if the form of the function is knoum. TIk functional 
relation between the coordinates may be expressed equally well by 

V ^ <t>(p, () 

and ( = ypipj r) 

in w’luch the symbols and ^ indicate merely a dificrcnl functional 
form. Tlic functional rdaiioaship between the coordinates thfers Jc^ 
different substances; and since it is characteristic of the l>rhavior of thr 
particular substance to which it applies, it is knoum ns the chvcct^itttc 
e/iuation or equaticn of stale of the .sub^^tancc. 

It should be carefully noted in the nlx)vc di^cus^ion that the word 
'‘state"' docs not refer to the molecular aecregation of a medium, i.e., 
whether tlie medium is a solid, liquid, or gas. Ahl'.ouqh the word b 
loosely used in this way in other connections, in tlirrmtxiynatnirs it 
refers solely to the thermal condition of a medium .as determined by tlw 
coorciinates. Other endenre must Ixr supplied to drterminf^ wheth^'r 
the medium is a solid, liquid, or gas. In order in avoid eonfuuon ot 
terms, the vstJrd “phase'' wall l>e used in this \yoo^< in ronncclion v.ath 
al! matters ha\anc to do with the type of malrrtil.ar acrirregation. 

It is N^wth while to consider a little more fully ju<: \shat is tr.c.ant bv 
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the thermodynamic state of a substance In analytic mechanics it uas 
learned that, relative to a certain datum, the amount of potential 
energy possessed by an elevated body is umquely specified b> its weight 
and Its elevation above the arbitrarily selected datum plane The state 
of the body, so far as its stored potential energy is concerned, is 
therefore defined by the coordinates, ivcight and height Sunilarly, m 
thermodynamics, the state of a medium is defined by any two of the 
directly measurable quantities p, e, and t As an illustration of what 
this means suppose that we are comparing the Avork that can be done 
by a pound of compressed air under varying conditions of expansion 
In order to make any intelligent companson, the air must have identi- 
cally the same properties, which amounts to saying that it must have 
the same energy, at the start of each expansion experiment This is 
achieved by specifying its state Any desired initial state of the air 
may be exactly reproduced for an indefinite sents of expenments, pro 
vided that any tiio of the three thermodynamic coordinates are speci- 
fied For example, a pound of dry air at an absolute pressure of 100 lb 
per sq in and a temperature of 60° F is perfectly definite and has the 
same properties at any location and at any time Moreover, a pound 
of air in this state always occupies a definite volume which may be 
accurately computed when the functional relation v ~ <}> (p, t) ii known 
The same definiteness in knowledge of the state of a substance obtains 
when pressure and volume or volume and temperature arc used as the 
defining coordinates Evidently the accurate measurement of the three 
quantities — pressure, volume, and temperature — is of fundamental 
importance Hence, the next three paragraphs are devoted to a con- 
sideration of their units and to ordinary methods of measurement 

Preisure 

Pressure is defined as force per unit area and is generally expressed 
m pounds per square inch in. the British system of units, or in dynes 
per square centimeter or kilograms of force per square centimeter m 
the cgs system It may also be expressed m terms of the height of a 
colunm of liquid, usually either mercury or ivater, ivhich it will support 
For conversion purposes, vt is worth noting that a mercury column one 
inch high at 0° C is equivalent to a pressure of 0 4912 lb per sq m and 
a water column one fool high at 39 3° F is equivalent to a pressure of 
0 433 lb per tq in Another unit of pressure much used for physical 
chemical purposes is the atmosphere, which is the pressure of 760 mm 
of mcrcurj The atmosphenc pressure at sea Icvd may be taken as 
being approximately equal to 14 7 lb per sq in 
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Gages for the mcastircincnt of pressure indicate tite pressure nlxivc 
or below* that of the surrounding atmosphere. If such measurement- 
were used in thermodynamic problems it would be nccc<sar)' to put a 
minus sign before pressures below atmospheric, a practice wliicli would 


Con\fnt»ortn! V'Aoiun 

CfiuKc Gs-ce 



The»^' Cflucf- Art* ot Alrr.frtphcric IVn^urt 



Thfr/y C*u/:« Arc Al>o\r Alwo^rhcnc 



Ti'.i Varjutn end Absolute ftre AVf‘'!..!t‘ 7<to 

\VK!cb ihc Ccn^er.li'^r.al G-ufr Cannr: IVrcrJ 
Tic. 1-2, rtruur 


lend to unnecc5'^nr>^ confu^ion» "Hie tliflkuliy h avoided by romidcr- 
in[r a perfect vacuum a*; zero prc<;'^urr, and pre^^urts measured relative 
to it as absolute prcA’^urcs. Thi^: proccdtirc hn% die additional ad- 
vantattc of rftnpllfyint: the matlieinatical expre^doru for many of the 
tbcruKxlynntnic relation*; to be J^tudied hater. Gacc pres nuc** can 
be easily converted to a^K^o^ute prcs^urc< f)y tlic addition of t!i*' value 
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of atmosphenc pressure (Fig 1-2) Thus, m units of pounds per 
square inch 

Absolute pressure = gage pressure + atmosphenc pressure 

(14 7 lb per sq m at sea level) 

Although gages usually indicate pressure m pounds per square inch, 
m thermodynamic problems it generally is necessary to convert the 
observed reading to umts of pounds per square foot by multiplying 
by 144 In this book, pressure in force per unit area will be designated 
by p, and total pressure by P 

Volume 

The volume of the matcnal whose thermal behavior is being studied, 
1 e , the working medium, is the total space occupied by it Volume is 
usually expressed m cubic feet in techmeal engineering v>x»rk and in 
cubic meters or cubic centimeters in chemical and physical studies 
In thermodynamic problems it is often convenient to deal with the 
specific volume, defined as the volume occupied by umt weight of the 
substance, e g , cubic feet per pound In this book v will be used to 
denote specific volume and V to denote the volume of M units of weight, 
ic,V^ Mp 

Absolute Zero of Temperature Charles' Law 

Temperature, the third fundamental thermodynamic coordinate, is 
conventionally measured with a thermometer, as discussed on pages 
6-8 However, since the temperatures taken as zero on both centi- 
grade and Fahrenheit scales arc wholly arbitrary values, minus tem- 
peratures commonly occur Early in the history of thermometry physi- 
cists became interested in determining an absolute zero below which 
there would be no other temperature Indeed, it is because Fahrenheit 
thought he had obtained absolute zero that the Fahrenheit zero has its 
present awkw^ird position on the temperature scale The advantage of 
establishing an alwolute zero is far greater than simply the avoidance 
of minus tcrnpcratuTcs It vstU be shown later that many vital relation- 
ships m thermodynamics have meaning on/y vvhen the temperature is 
expressed on the absolute scale 

Absolute zero may be established experimentally from measurement 
of the vanation in the volume of a gas with change m temperature 
when the pressure is kept constant In about 1787 Jacques Charles 
found that air and carbon dioxide both expanded the same amount for 
an increase in temperature of one degree His work was later extended 
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and verified by Gay*Lu^«^nc and Dahon, who l>oth found tiiat wirhin 
an accuracy of alx)ut 2Sf the cxpanMon of all the 5iinplc \va< 

approximately the same and that tlic volume: chanec per det^rcr 
equal lo - 5 ^^ of the volume at C. 'Fhis result may be cxpre>‘^ed as 



where Vt i‘> tlic volume at temperature / and is the 


volume at 0^ C. An immediate consequence of this result is that if the 
pressure on a gas is kept constant and the temperature varied by the 
addition or withdrawal of heat, the volume change is proj>oriional to 
the temperature reckoned from a zero 273^ C below 0 " C; i.c. 


.. - ^v{273 + 0. 


It also follows that if a perfect gas were cooled from O'’ C it would drcrca'^c 
ttJ of its volume at 0 ^ C for each degree the temperature was lowered, 
until at — 273^ C its volume would become zero. This temperature is 
taken ns tlic ah solute 

Unquestionably a gas would liquefy and solidify before this tcin* 
perature was reached; therefore the rclatioaship above, obtained from 
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mensuremrnis on a would not apply. It i<; likrwi't* itnjw'^dhlc to 
conceive that matter could ever have rero voluinr. Houevrr, tlw con- 
cept of the absolute 7 cro i*; valuable in that it rcprcjcnt<: an absolute 
limit of tcmj>cralure. It will be 5 hown later that the determination of 
the ab?olutc rero of temperature is n'.' tul'K-.Un! c: tK- f’tf'Jtirs cj c r,r.s 
but may le daur quiU ir.dfpnvunth- cJ thf f^cf 'tUfs rf cuy fuitnif:!. 

I'cmpcrnturct rcckoncti to the nlnoluie rero are railed ahy'.utf fe-;. 
{•(tcAxrres. The abtolutc .wale of temiK-raturr m-anired in cents- 
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grade degrees is called the Keinn scale, after the English ph>’siast of 
that name Hence if absolute temperatures are denoted b> T 

r(° Kelvm) « C) + 273 

It IS a simple matter to convert this result to Fahrenheit degrees When 
expressed thus, the absolute scale of temperature is called Rankinc, 
after the Scottish engineer The temperature in ° Rankine is given by 

, n° Rankine) = /(“ F) + ^ (273) - 32 

= t(°F)+460 (Fig 1-3) 

Thermal Capacity and Specific Heal 

We have already seen that there is a relationship between heat and 
the thermodynamic coordinates m that the values of the latter are 
changed by the addition or subtraction of heat Hence it is of impor- 
tance to determine a standard means of expressing this relationship as 
well as to define the unit of heat quantity In the early history of the 
study of heat and us effects, heat was thought to be a weightless fluid 
which was called “calor ” From the intrcxluctory discussion of the 
First Law, we see that this idea of the nature of heat was erroneous 
TTic error, however, does not impair the definition of the unit of heat 
given by James Black, a Scottish physician, chemist, and physicist He 
defined the unit of heat as that quantity of heat which caused the 
temperature of one pound of water to increase by one degree It is of 
importance to notice that Black associated quantity of heat with the 
weight of an arbitrary calorimetric, or heat measuring, substance Other 
investigators had associated the quantity with the volumes of substances 
and as a result encountered wade discrepancies in their expcnmental 
results 

The unit of heat quantity expressed in British units is the British 
therma! umt (Btu), this may be defined as the heat required to raise one 
pound of water one degree F The Btu thus defined is virtually equiva- 
lent to the mean Btu which is defined as yJtj- of the heat required to 
raise one pound of water from the freezing point to the boiling point 
at sea level In the cgs system the unit is called the calone and is 
defined m several ways The most useful definition is that of the mean 
calorie, which is xJtr of the amount of heat required to raise the tem- 
perature of one gram of water from the freezing point to the boiling 
point at normal atmosphenc pressure By consideration of the relation 
between the units of grams and pounds and degrees C and degrees F 

1 Btu « 252 calorics 
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It is evident that the addition of heal to a fnb-lanrc will produce a 
change in the thermodynamic coor(iinntc5. Usually there will be a 
in Icmpcraiiirc, l)ui we have already reen that the value of one coordinate 
in not sufficient to determine ilic state of a sub^^^tancc. Tlie value of a 
second coordinate must a]‘:o be given. In studpng the cfTccl of the 
addition of heat upon a substance, this requirement is dealt with bv 
holding one coordinate coivstani and mrasurinu the ratio Ijetwccn the 
heal added and the change produced in nnoilicr coordinate. 'Fins 
ratio is generally called the thrrjrM cal>acih\ for it shous Jiow much heat 
a substance can absorb for a unit change of a coordinate. 'Fhe various 
expressions for thermal capacity arc shown below. In them q represents 
the heal added pn unit oj nrirfit, and the subscript to the parentheses 
indicates the variable held constant. 



If the change in the variable studied is made infinitely small, these 
relations may be expressed 

(a), (*). 

The first two of these ratios are csperinlly important and arc 
named specific heat at constant pn^ssurc (c^) and specific heat 
at constant volume (r,) respectively. Bccau’^c the word j/rrific 
implies the comparison of a certain property of a substance with the 
same ()ropcrty of an arbitrarily chosen standard Mjbstancc. some authors 

define specific heat as the ratio of the thermal cnpneiiics and 

to the corrcsjx)nding thermal capacities of water at a chosen standard 
of tcnif>cralurc, whirl) is u^^unlly that of the maximum density of water. 
Hut since the unit of heat was defined in terms of this same standard, 
the thcminl capacity and specific heat are lK)und to he numerically 
equal. Therefore, in older to avoid confusion, in this booh s]>ccifir 

. llic sjv'cific h^at of 

a substance is generally a fimrtion of the trmp«"raiurr, fnit in most 
rases the variation is sufficiently small that tlw <jv*cific heat at a given 
tcn)|>ernturc may be t.ilcn as comiani and equal to th^* avrrnee sp'^rifie 
hrat a nrighlK*)ring trm{>ri.iturc intrrvMl of a few Imndrrci drerres. 


heat will be taken to l>e the ratio- 


HI ( 
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Detailed consideration of variable specific heats will be given later 
(page 120). 

Inasmuch as the specific heat js a ratio, its numerical value is inde- 
pendent of the sj’stcm of units employed Consequently the ratio of 
Btu per pound per degree F is idenucal with the ratio of calorie per gram 
per degree C 

For convemencc, the approximate values of the specific heats of a 
few common substances at ordinary temperatures arc given in Table 1-1. 


Table 1-1 SpEcmc Heats of Common Substamxs* 


Gases 

‘r 

r* 

Air 

0 24 

017 

Ammonia 

0 52 

040 

C^bon dioxide 

0.2 

015 

Methane 

0 53 

0 41 

Oxygen 

022 

016 

Sulphur dioxide 

015 

012 

Water vapor 

048 

0.36 

Liquids f 

Water (for ordinary purposes) 

1 


Petroleum 

0 51 


Mercury 

0033 


Solids t 

Aluminum 

021 


Calcium 

015 


Carbon graphite 

02 


Copper 

005 


Iron, cast 

012 


Lead 

003 


Silver 

006 


Zinc 

009 



From the definition the specific heat of a substance w the amount 

of heat required to produce a unit rise in temperature of a unit weight 
of the substance under specified conditions Thus, the total quantity 
of heat added to M imits of iveight of the substance can be readily 

• Compiled from Haruli>i>ck oj Oumistiy Phjfut, J943, Chemical Rubber Pub. Co. 
t Although the tmall dilTerence between t, and e. for hjituls and talids u of real theoretical 
importance to ph>iicuu. It u not rufficieatl)' great to be iignificant m practical engineering 
processei. Hence, for liquidi and aohdi, t, u used for ipecihc heat at both constant pressure 
and constant \-Dlume 
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determined by knowing tlie sjrccific bent nnd 
temperature rise, i.c. 


ExampU 


d = Mc{t, ^ /,) 


mca<:urcnicnt of th*" 


\Miat quantity of heat w required to mhc the temperature of 10 lb of air from 
50'’ F to 65® F at constant prcjnirc? 


Solution 

M ^ 10 lb 
tf, of air *=» 0.24 
/j ““ /i 65® “ 50® « 15® 

By direct jrubstituiion 

10 X 0.24 X 15 - 36 Btu 


Latent Heat 

When a sufetance changc5 from one pha«:c to another, i.c., from 
solid to liquid or liquid to gas, it.s temperature remains con*=itant at a 
value determined by llic pressure under which the change takes place. 
Evidently .specific licat has no meaning \vhcn applied to such a cliangc, 
for the temperature docs not change with the addition of l?cat. The 
amount of heat required to cficct the change of phase of a unit weight 
of a substance is called the Jatrnt hrat. I'hc specific names, latent heat 
of fusion and latent heat of vaporization, are applied respectively to 
the change of phase from solid to liquid and from liquid to gas. Values 
of the latent heat for commonly encountered changes of phase arc given 
in Table 1-2. 


Tatux 1-2. Lattnt Hr. ATS or Ti^ios and EvAroRAxioN at 
ATMOsrnrnic pRrsscRr. * 


Substance 

j Eatent 1 Icat of Ftidan 

I.«atcnt Heat of r.vapimtion 

Gram calorics 
per grant 

Btu jTcr [x?tJnd 

Gnim calorirs 
per gram 

Btu jv'r p>uryl 

Ammoni.a 

ms 

194 

327 

589 

Bromine 

16 

29 

44 

79 

CXarl>on dioxide 

45 

81 

137 

246 

Water 

80 

144 

539.5 

970 

Mrrcurv’ 

2.8 

5.0 

65 

117 


McGraw-tliU; O. W. Dhtarh, 

\Vi!?y. 
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PROBLEMS 

1 Outline the field of the saence of thennodvTiamics. 

2 a. Discuss the Pnneiple of Conservation of Enei^ 

b State the First La^v of Thcrnx)d>*nanucs and illustrate by some cominon- 
place example. 

3 a. Outline bnefly the general characteristics of the procedure employed b> 

man to transform the energy of natural fuels into useful ii-ork 
b ^VTiat IS the outstandmg influence i\-hich limits the elFaency of such trans- 
formatiori? 

4 Discuss the dci’cJopmcnt of thermometry 

5 Describe briefly three means of measuring temperature 

6 Discuss the relationship benveen cenngrade temperature and Fahrenheit ton- 
pcraturc. 

7 a Com-ert 40" C to degrees F b Convort 220“ F to degrees C. 

8 WTiat IS meant by thcnnod>'oaiiiic coordinates? How ma> the state of a sub- 
stance be speailed" 

9 Define absolute temperature, Bru, absolute pressure, gage pressure, 

10 a. If the barometric height is 29 2 in of Hg, chance 140 lb per oq in gage to 

absolute pressure in lb per sq in 

b Under the same barometne condmons, change 27 in. of Hg I'acuura into 
lb per sq in. absolutc- 

11 If the gage pressure of a certain fluid is 50 lb per sq in. arxl the barometer is 
at a height of 29 ui. of Hg, what is the absolute pressure? (Menauy weighs 
0 491 Ib per cu m > 

12. a. Com-ert 25“ C to degtets R b. Comert 180“ F to degrees K, 

13 Define energ) , heat energ> , thmnal capaat> , specific heat. Discuss fully the 
meaning of Cp and e, 

14 Translate the symbols and into words and give the names and 
physical meanings of these relationships. 

15 Compute the quanntj of heat necessary to raise the temperature of (a) 10 lb 
of petroleum 60“ F to 150“ F m Btu, m calories (b) 5 Ib of carbon 
fcom 30“ C to 7a“ C. 

16 Considenng the specific heat to be constant, compute the heat required to 
change the temperature of 6 lb of air from 72“ F to 120“ F (a) when the pres- 
sure remains constant, (b) when the mlumc remains constant. 

17. Twenty lb of wnter at 180“ F arc nruxed with 50 Ib of water at'70“F IVTiat 
•wii djR, •cLvmaa.t VOTiptsWiise. ts? 

18 A ball of copper weighs 7 lb and p at a temperature of 850“ F It is plui^cd 
mto a \-csscl that contains 40 Ib water at a tcmpcrattire of 60" F Find the 
final temperature attained m degrees Rankinc. (C of copper is 0 09 , trf water, 
10 ) 

19 Determine the quantity of heat required to melt 1 cu ft of ice (density 0 92) 
at atmosphenc pressure and the heat required to esaporate the resultant 
water at the same pressure Determine the heat necessary to eiaporatc an 
equal weight of hquid mercury at the same pressure Express the answers 
m both calorics and Btu 
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Heat and W^orlc 
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The Fir^l Law of Thermodynamics 

We have already seen from ihc intrcxluclnr^' discm<^ion and statement 
of the I'Trsl Law on pages that /irat ts a Jotm nj ennpj. As such, 
it may l>c converted into other forms of energy, but ilic conversion or 
transformation is always effected in accordance with the Law of Con* 
scrwition of Energy; i.e,, in an isolated system the total amount of cncrg>' 
remains constant. Tlic word ‘‘system’' in (he preceding staicmcnl 
means in a broad sense a region in which there is matter in some form, 
capable of receiving, storing, and delivering energy*. In a restricted 
sense, any inerhanical arrangement for the reception, storage, and 
de/iVcry of energy is a system. Analytic mechanics supplies many simp/c 
examples of this, as for instance a coil ,*^pring or n body in the gravita- 
tional field of the earth. 

Eaiergy is constantly being transformed in a multitude of natural 
and controlled processes; it will require only a few illustrations to sug- 
gest many of them to the reader. One common example of energy 
transformation is given by tlic processes allcndaiu ufxin tlic ojxTation 
of an automobile, ITie heat energy resulting from the combustion of the 
fuel is obtained by transformation of chemical euciaty in the gasoline. 
A pan of this heal cnerg\' is transformed into mechaniad cncn;\' by 
means of the expansion of the gases in the cylinders and drives the car 
through the mechanism provided for the purposr. TTic remainder of 
the heat energy either passes into the atmosphere in the exhaust gases, 
or is dissipated from the engine by radiation and conduction. It is 
to l>c noted that some of the mcchanira! energy obtained from the heat 
is used in overcoming friciion of tfie mechanism, fnit this los^ of ireful 
mechanical energy in the fonn of heat has do vdth the extent 

to which heat cnerg)* ran be transformed into mechanical rnrrg\* in 
the particular prtKcss under discussion. 

ITic following list indicates a few common prorrsers and device^, 
together with the energy transformation cfTcctcd by them. 
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F«ndam«fttal* ol TKetwodynamia 
Process Tramformauon 


Kineuc fnction 
‘ Gcncrauon of clectncity 
Thermopile 
Electnc heating 
Photoclcctnc cell 
Electrolysis 

Primary or secondary cell 
Combustion 


Mechanical energy to heat energy 
Mechanical energy to electrical energy 
Heat energy to electneal energy 
Electneal energy to heat energy 
Radiant energy to electrical energy 
Electneal energy to chemical energy 
Chemical energy to electneal energy 
Chemical energy to heat energy 


In this book ive shall be concerned pnncipally uith transformauom 
inv’olnng heat and mechanical energy or wxirk, although some attention 
will also be given to transformations concerned svilh heat or w-ork and 
chenucal energy 


Exact Meaning ol the Word ' Heat * 

The i\ord *‘hcat” is loosely used m many connections m everyday 
language Until now, the common lack of definiteness in its use has 
not been senous enough to impair the clanty of the ideas presented 
But from this point on, if we are to make any progress at all in thermo- 
dymamics, this loose usage must be abandoned and a definite under- 
standing reached once and for all, as to just what heat is and what it is 
not Probably it is a holdover from the old and disproved caloric theory 
of heat that makes us confuse the energy in a heated substance with the 
energy that put it in that condition It is easy to make the common 
and unfortunate error of picturing heat as a weightless fluid that may 
be either poured into or squeezed from a substance Actually, heat ts a 
spectjic kind oj energy tn the procesi of transilton It is enUreJy correct to 
spe^ of the heat added to or uathdraim from a substance It is equally 
wrong to think or speak of the energy aJUr its addition or bijart its 
withdrawal from the substance as being in the form of heat We arc 
nght when we say that the heat/row a hot water bottle alleviates pam,. 
but we are wrong when we say that the hot water m the bottle has a 
lot of heat in it The energy tn a substance is caked intnnsic energy 
and Its characteristics are fully discussed in a later paragraph (page 23) 

The characteristic property of heat is that its passage from one sub- 
stance to another is alway’s effected by a temperature difference 
this passage is broug^ about by molecular in^^cuon when twxj sub--^ 
stances at different temperatures i:u;e placed m co ntact, the process js 
callcd^ onifuftio n_ The common cxpcncnce'isf burning one’s fingers on a 
hot dislTis a Cavid and personal expenment m heat transfer by conduc- 
tion \\Tiene\cr heat is transferred by conduction — and this happens 
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in many problems of engineering thcrmod>Tiamics — the quantity of 
heal traasferred I>cl%vccn two parallel surfaces A square units in cross 
section and L units apart may be determined by the relation 

where ti and /j arc the temperatures of the two surfaces, and A is n 
constant which depends on the material separating the surfaces. 

A second process of heat transfer is Tcdiation, In this phenomenon, 
the passage of cncrg>^ from one body to anotlicr is effected tlirougli the 
agency of clcctromagncuc \vavcs set up by vibrations in the atoms of the 
radiating substance in a ccrtaiti band of wave lengths. When one stands 
in from of an open fire he is conscious of the radiant heat energy* from 
the blaze. Again it is correct to designate this energy' as heat during 
the whole time lliat it is in process of transition, i.c., from the lime it 
leaves the vibrating atoms of the source until it has produced an effect 
of Nvarmlh in the j>crson standing before the fire. But after the effect 
has been produced, the energy is no lonj^rr in the form of heat. ITie 
evaluation of tlie quantity of heat transferred by radiation is given by 
the Stcfan-Boltzmnnn Law as 

Net radiant energy exchange per unit area ^ <t(Ti* — T**) 

in which a is the radiation constant (5.32 X lO"*’ watts for ideal black- 
body radiation), and 7\ and T^arc the respective absolute temperatures 
of the radiating and absorbing bodies. Although both Ixxlics arc radi- 
ating and absorbing heat, there is clearly, in this ease as in conduction, 
a net transfer of energy* because of a temperature difference. The 
quantitative application of the Stcfan-Boltzmann I^iw to engineering 
^ problems has hardly begun, but it seems probable that greatly increased 
attention will be given to it in the future. 

Elcmcniar)* tc>ctl>ooks frequently state that a third process of he.at 
transfer is convection. Tins is an error. The word convection desig- 
nates the plicnomcnon by which energy* is traxvsfcrrcd from one place to 
another because of the bodily irnnsportndon of the m.atter in which 
tlic energy is stored, llic movement of air in a hou«^r equipped %nih 
n hot-air furnace is an excellent example of convection. 'Hie cncriT)* 
sioretl in the warm air is not in the fortn of heat, even though wr con- 
ventionally say it is. 

Hie cs^cnii.nl |K)int of tlic nlx>vc di<ru<<5on h ih.at. in ondrr to keep 
tltr an.alysis straight, the word heat nui<t henceforth always l>c inter- 
preted as dcsign.aiing cnergs* in tlic process of irandiion as a restiU 
of a temperature difference. 
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Definilion of Work 

In. colloquial usage, the %sord “work” also fails to designate a specific 
and definite ph>*sical concept Hoivever, in the study of analytic 
mechanics, the student has already learned that from the physical point 
of view work is related to energy and that work is said to be done when 
a force acts through a distance It may be pointed out here that work, 
like heat, is never used to designate energy that is stored It is only 
while mechamcal energy is being supplied to or wthdraivn from a body, 

1 e , while a force is acting through a distance, that the energy is in the 
form of work 

Mechanical Equivalent of Heat 

The next consideration in the study of energy transformations must 
be the establishment of the exact nature of the equivalence of heat and 
work Since systems of units are wholly arbitrary, there is no reason 
to suppose that a unit of heat would be equal to a unit of work Hence ^ 
the question is Exactly how many units of work represent the quantity 
of energy equivalent to one unit of heat’ 



a Revolving arms 6 Sialionary wncs 

It was Joule who in the years 1830-1843 first earned out careful and 
extensive measurements of the relation betivccn mechanical ivork and 
the heat resulting from its transformation His best known apparatus 
ts-as a water calonmctcr m which paddle ivhcels were rotated in such a 
wa) as practically to eliminate all fnction except that used in churning 
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the water (Fig. 2-1). Th5«; apparntu’? made 5i possible to men'^ure !>oth 
the mechanical cncrg\', or work, put into the paddle wheeh and tlic 
rc’iultant heating cfTcci on the water. Later experimeni*; of the same 
general type performed by others have indicated that the mon probable 
value of the amount of work required to give 1 lUu is 777.6-1 ft-Ib. Tnis 
constant is called the mrcltnnicr.l ^quivalevii of hrai. In the rgs system 
the value of the mechanical equivalent is that 4.18 joules is approxi- 
mately cquivnlcrit to one caloric. The letter J is irrd to dcsignare the 
mechanical equivalent. In order to simplify computations, in this }x>Dk 
its value will be taken as J - 778 ft-lb per Btu. 

An understanding of the equivalence of heat and work makes it 
possible to determine readily the mrrall cnieiency of an engine from 
measurements of the heal energy delivered by the fuel and of the work 
energy delivered to the shaft. 

Example 

A certain oil engine bums 0.8 1!) of oil per shaft horsepower hour as measured 
by a brake dynamometer. Dcicnninc the overall cniclcncs* if the oil has a 
heating value of 18,000 Biu per lb. 

Solution 

• output 

r.mcicncv ^ — 

' input 

One horse[X5\vcr hour 33,000 X 60 fl-lb 
33,000 X 60 ^ 

778 

- 25-15 Btu 

llic energy input required for the development of this output is 

0.8 X 18,000 14,400 Bui 

'rhcrcforc, the overall cfhcicncy of the engine is 

tniricncy - ^ -- 17.67<:^ 

Inlnniic Energy 

A further consideration, vital to the study of cnerg\‘ tramformatlnn, 
is to deirrmine the amount of energy stored in the nsirm at th.r 
instant tlini a ihermodyn.omie change begins and ends. nrtrsdty 

for this is revealed by the fart that th'^nuotivnaniirs is esientially a 
tn.itter of lyookkeeping that involves mercy quantiiir^ of dollan. 

As a somewhat naive analogy, ronsitier the matter of kerpint: lvy>ks on 
onr\s j>rr5onnl accounts for a month. 'Pne hr^t item to be cond(brrt:i 
is the balance on hand at the first of tlie month. i^* ti;e 

initial state in which the individual finds hiircclf. Kul'ieqtrnt itrnrs 
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list the amounts received and expended, and the balance on hand at 
the end of the month indicates the final state of his finances after the 
change brought about by the month’s activities Clearly, the iniUal 
and final balances arc essential to any understanding of whatever 
change has occurred Similarly, m order to gam any knowledge of what 
has happened during a thermodynamic change, the cnei^ stored in 
the system at the beginning and end of the change must be known 
The fact that such energy exists is established by the following con- 
siderations Ips common experience that if a closed vessel containing 
gas under normal conditions is heated, the pressure on the walls of the 
vessel increases If the vessel is made m such a ivay that its own walls 
do not expand with heating, the volume enclosed remains constant and 
no cfiect IS produced on the surroundings The energy of the heat added 
has gone into the contained volume of gas and its only manifestation is 
a change m the thermodynamic state of the gas If now the vessel is 
connected to a suitable apparatus, say a small turbine, and the gas 
released, work will be done by the turbine The gas possessed a store 
of energy that gave it ability to produce external effects by Virtue of the 
state in which it had been placed Such energy is called intrinsic or 
internal energy, and is denoted by E (e per umt of weight) 


Kinetic Theory Explanation of (ntrlntic Energy 


While thermodynamics is not concerned wth the nature of intnnsic 
energy, it is helpful to consider what the kinetic theory of gases has to 
offer on the sul^ect According to this theory, which is well supported 
by expenment, the molecules of a gas above ateolute zero arc m constant 
motion At room temperature many of them have velocities comparable 
to those of fast nfle bullets Thus, since each molecule is a discrete mass, 
it possesses a kinetic energy i mv^, where m is taken as mass There 
are also attractive forces between the molecules, and although the 
nature of these forces is more complicated than that given by the 
Newtoman Law of Attraction Betivecn Masses, they do have the char- 
actcnstic of varying inversely wth some power of the distance, i e , 

F — ^ Consequently a molecule has potential energy, depending upon 
a'* 

Its position with respect to other molecules The phenomenon of 
latent heat is an excellent illustraUon of the potential energy of mole- 
cules We know that when a liquid is vaporized, heat must be added 
The energy represented by this heat is transformed in two ways one part serves 
to separate the molecules to the relative positions they occupy under 
the conditions of the process and so is stored m the medium as potential 
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energy*; the other part utilized in doing work on the surroundings to 
provide for the increase in volume from the cJiangc of pha^c. TU ran 
of (hr limtic end foUndd enrrpjes of molfcutes constitutes the cnertf\* of the 
substance and is what is called the intrinsic or internal energy* in thermo- 
dynamics. 

If the volume of gas is constant, the potential cnenry* of the molecules 
cannot cliangc and so an addition of heat results in increased kinetic 
cncrfty% Since (he addition of Itcat results in an increase in tem[>cra(urc, 
it folIo\s*s that temperature is directly related to the kinetic energy of 
molecules. Abo, since the masses of the molecules arc constant, an 
increase in energy must result in increased velocity of molecules, ,For a 
gas that is not lughly compressed, tlic potential changes relatively 

little with change in volume; hence the entire intrinsic energy change 
of such a medium (potential + kinetic energies of molecules) is virtually 
dependent only upon Uic temperature change, i.c,, E '^= /(/). 7*his is 
entirely consistent with the common obscr\’ntion that,* when a gas is 
compresseef, the resulting storage of energy in the medium is mamTcsicd 
by a rise in temperature. 


The Conservalion of Energy, Bernoulli Equation 

The First Law of Thermodynamics is no more llinn an e.\prcssion 
of the Principle of Conscrs^niion of Energy*. In analytic mechanics 
this principle, as applied to the energy of a mechanical Ixxly, may be 
expressed in the form 

Initial kinetic ^ moving _ final kinetic . resistance 
energy \\*ork energy work 


In h>*drnulics, the Principle of Conscrv*aiion of Energy is developed into 
the Bernoulli Equation, whicl) is conventionally expressed as 

At point 1 

Kinetic j pressure ^ {xuciuial energy ^ 
energy* cnenyy* energy* supplied 

At ]X)ini 2 

Kinetic ^ pressure ^ {x>tcntial external ^ work done 

energy energy ‘ energy ‘ \s*ork done ’ against friction 


In symlxiU this becomes 

.u h 4. •j a. hr.ul 
^ suppHctl 


4- tj j. 4. 




lost 


done 


head 
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In this equation ui and «j represent the average velocity at points I 
and 2 respectively, g is the acceleration of gravity, p\ and P\ denote 
the pressure at points 1 and 2, p is th e weight ofjunit volume of the 
JUiidi and and indicate the^levation^f tlie fluid at points 1 and 2 
^r^pecjively abqye ^mc^arbitranly chosen datum plane In order for 
equation to be algebraically true, ali oj its l^ms'musl be expressed tn 
consistent units Conventionally the equation Is written in terms of foot* 
pounds per pound of fluid, which immediately reduces to feet of head 
Thus, for one pound ofjtuid the units for the several terms of the equation arc 


fiLV lb 

Vsec/ , ft* 


fJLY lb 

-t- lb T- » T lb T It 
sec* ft* 


In the application of the Principle of Conservation m both analytic 
mechanics and hydraulics, the energy supplied or withdrawn from the 
system IS considered as being in the jnfcAanica/ form, i e , as kinetic or 
potential energy of the body or mass of fluid as a whole In the mechan- 
ical case, the energy may be supplied or withdrawn as the result of tlic 
action of a falling body, the rotation of a shaft, and so forth External 
energy supplied a h>draulic system is usually the result of the action 
of a pump, energy withdrawn from such a system for the purpose of 
producing an external effect generally acts through the agency of a 
uater wheel or turbine 

Since the Bernoulli Equation is an extension of the elementary ex- 
pression of the conservation principle of mechanics, it is a special applica- 
tion of the General Energy Equation which, in the broadest sense, 
includes all possible forms of energy In view of this, before proceeding 
to the General Energy Equation, it is worth while to review the con- 
ditions under which the Bcmoulh Equation is applicable 


Conditions Under Y/hteh the Bernoulli Equation Is Applicable 

In hydraulics the Bernoulli Equation has to do with the energy 
possessed either by the same unit weight or by the same M umts of 
weight of the fluid as it passes two separated points in the flow Fig 2-2 
gives a schematic illustration of this application Evidently the equation,^ 
IS not vali d if fl uid is either added or withdrawn Between the two points, 
because the equatior^would not then b e dcalm g wth the same co ntinu ous 
stream of fluid Nor can it be sjicc«sfully applied if the flow is unsteady,^ 
since that would make possible cithw an increase or a decrease in the — 
quantity of fluid between the mo sections All this is expressed simply 
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by snyini; ihat in ihc ?amc time during which n unit quantity of hui<! 
enters the system ni section I, an rquai quantity nurt Iravc at rcxiknx 2. 
Hence, in order that the Bernoulli Equation may be app!ica!)lc, 
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Etr,. 2-2. Schrmaiir lUu<ttaijnn of ihr Appliotinn of th** 
n^'inoulli Etpiation 


flow must be continuous anrl strcAy, The mathematical expresdon of 
conlinuily of flow is given by the simple and u'^eful I5xjuation of Con- 
tinuity, i.c. 

M - const 


/by/j d;v* 


In this equation M is the weight of fluid flowing in unit time (jx)und^ 
per second); Vi and vz the spec ihc volume of iho tluid (cubic fret |>er 
pound) at sections ] and 2; di and d* tite area of the ‘itrrani (‘quarr 
fret) at 1 and 2: and /o and Ut the average velocity of the fluid at 1 and 2. 


Steady-Flow Pioccuei 

It is a charactcri''air of many ind mortal tlrrm^yiynnmic prxxc'*''^ 
for the tramfonnation of cnergx* that they operate 'tradiiv and con- 
linunudy. Tor example* in a strain plant* water ‘tcadiiy am! 
continuomty punqKd into liic Ixiilcr. I'ndrr ^-trady tnyuating ct)ndi- 
(ion<, steam formed from \hU w.itrr leave- tlie Ixnb'r rsnd dw wrieht of 
steam leaving in imit lime is the <anm the of \%Ma 

in unit time* If the engine to which i!;c 5ir.\m ^upp!i<^d i-v a rreipn^^at- 



28 Funt^amenlab of Tbermodynemics 

ing one, it is true that the steam lea\'es the engine m puffs of the exhaust 
and that, stnctly speabng, the process is not instantaneously one of 
steady flow Hov^cvcr, if the flow to and from the engine for a number 
of rcx’olutions is considered, the process approaches one of stead) flmv 
sufficiently to be practically considered so The same consideration 
applies to the operation of an internal combustion engine, if the time 
required for a number of rc^’oluUons is considered, the quantity of 
gasoline and air taken into the engine equals the quantity of the products 
of the reaction passmg through the cxlwust The energy balance prin- 
ciple of the Bcmoulh Equation applies to such thermodynamic steady- 
flow processes just as ivell as it docs to the flow of h)-draulic fluids 

Non Flow Processes 

Although stead) floiv processes play a dominant role in industnal 
energy transformation processes, it is nevertheless frequently important 
to study the energy transformations that take place m a certam defimte 
confined quantity of the medium Here there is no flow of the medium 
cither toward or aw’ay from the system An example of such a process 
IS the expansion of steam in a cyhndcr for a single stroke The study 
of the process begins with the steam already m the cyhndcr and ends 
when the expansion is completed A o consideration is given to the prcxicsscs 
by which the steam entered the cylinder or to those by which it leaves 
All such processes arc called non flow, and thc) arc of value in the 
detailed analysis of vanous engine cycles Since thc Bernoulli Equation 
applies directly to problems of floiv, it is not directly applicable to non- 
flow processes It mil be shown later (page 36) that the analysis for 
non flow conditions is readily set up from thc fundamental Pnnaplc of 
Conservation of Energy 

General Energy Equation of Tfiennodynamics 

In order to study the steady flow processes of thcrmodymamics, it will 
be necessary not only to consider thc terms of the Bernoulli Equation, 
but also to give full consideration to the equivalent; of heat and wnrfc 
as expressed by thc First Law of Thermodynamics 

First, it must be noted carefully that the Bernoulli Equation of 
hy-drauhes (sec page 25) is concerned i«th thc energy posses^ by thc 
fluid solely because of its inertia and pressure Thc weight of fluid 
considered is in a sense taken as a mechanical body and so its energy 
IS that which It possesses as a whole But it has been shown above that 
a thermodynamic medium has intrinsic energy because of thc motion 
and position of its molecules In hydrauhes, since thc medium u a 
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liquid and the lempernture chant^c between tltf two point*? i<? \t<ual!y 
neglected, the intrinsic encnr>* term does not appear in tlie equation. 
The situation is decidedly difTcrent in thcrnicx{ynamic<; tiicrcrnrr the 
first step in the de,vclopincnt of the General liquation must h 

the inclusion of the terms rj and rj, rcprcfcniing the intrinMc energy p*:r 
unit of weight of (he medium at jx^ints 1 and 2 rcs[>ec(ivc!y. 

In a thermodynamic system, consideration must aim l>r civen to 
the possibility of energ)' supply or withdrawal in the form of heat. 
Thus, licat energy per unit weight of (lie mcdiuiT), designated by 
is incorporated into the equation on the Irft-hand sidr. In order that 
all terms of the equation shall be in the same units, namely ffxnqmund'', 
yin heal units must be multiplied by 7, tlu: mechanical equivalent of heat. 

In addition to the intrinsic energy of a medium resulting from molec- 
ular activity, media also |)Ossc5S energy' because of liieir chemical 
nature. Certainly the energy released by the burning of a pound of oil 
must have been .stored .somehow in the liydrocarbons of die oil anrl 
the oxygen which made its combustion {>ossiblc. both chemistrs^ and 
physics have clearly established that this energy is stored in the atomic 
structure of the reactants. The combustion of fuel is the s«!e cmi 
fnocrss dial man has been ah!r to dense Jor the transfoTmatiou oj the enne^y 
If sources stored uj the materials of the earth. Consequently no .^tudy of 
thermodynamics is either complete or slgnillcant if it does not give 
imiKjriancc to tlie possibility of changes in the chemical energy of thV 
medium. Some authors lump intrinsic energy, dc[K'ndrnt U[>on molcc- 
tilnr activity, with chemical cner|.;y, dependent ujxin atomic activity, 
and call the sum internal energy. In this book, in order to avoid con- 
fusion of tlicsc two imfKjrtant types of energy, no such grouping of term? 
is made. TItcreforc, the Cicncral Energy* Equation will I>c r.xtcndcd to 
include fi and cj, chemical energy in states 1 and 2 re 5 j>cctivcly. 


A convenient change may lie made in writing (lie term for the 

1 . ^ 

pressure energy* of the medium. 'Htc factor -- is the equal of r, the 

specific volume; i.c, ^ 

1 cu ft 


lb }>cr cu ft 


lb 


In thermodynamic calculations the sjx:cific volume is a decidedly more 
useful term than p, the specific weight. Hence in the General Enrrv^v 

Equation is replaced hy its equal, /r. 

The term in the Beinoulli Eqviation denoting external \HX>rk don'^ 
and ilrsignated jM’: remains unrliangrd, fur it is cert.iinly our object 
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to determine the external cfiect produced b> an energ> transformation 
So far as thermodynamics is concerned, it is of no importance to segregate 
external w’ork done into ustjul ivork and nork done against friction of 
the moving parts of the mechanism m\oKcd Hence tlic term Jl j 
refers to the mcchamcal energy delivered to the mechanism and is the 
sum of the useful mechanical work and the energy dissipated as work 
done in overcoming mechanical fnction 

Electrical energy is another t>’pe of energy that should be mentioned 
Usuall), however, electrical energy in thermodynamic s>’stcms ma) be 
expressed in terms of either heat or work and so will be treated as such 
With the inclusion of the terms and modifications given above, the 
BemoulU Equation for the Conservation of Energy expands to the 
General Energy Equation, thus 

+ + Cl + cj + 

Eo«jv cl the mu* Icteni*! *tomlc latere*] motmlu Uml tntrry *urpK«<I 

cl ue medium cooxy eserijr nr *h>uiaM 

= ^ + P'Pi + C* + cj + r* + lilt 

Eztffoil medvAokm] 
verk dtfM 

If M pounds of medium are to be considered, each term of the equation 
IS multiplied by Af, thus 

* — h PjI 1 "h -f- Cl El "h ^i0» = "h "4* Afjj 4* Cj 
2s 2g 

4" 4* ilEi 

The capital letters l\ C, E, and IK signify that the energy quantifies 
to wluch they refer are possessed by A/ Ib of medium The subscripts 
of the terms Q_ and It' signify that they refer to energy in transition 
between states 1 and 2 In the English sy’stcm of units, each term of the 
General Energy Equation as written above is in foot-pounds Of 
course the whole equation could be written in terms of heat units by 
dondkoug each, terra by J 

Algebraic Sign Convention for Term* of ibe General Energy Equation 

The term refers to kineuc energy possessed by the mass of the 

2g 

medium with respect to a fixed reference system If the medium is 
movang at all, it must have a positive amount of ktneue energy and so 

the sign of must alw-ays be plus (+) 
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It hn5 already been pointed out that in thermcxiynrunic caic\il;uion^ 
alrolutc prcr.'.urcn arc nhvayn u?ed. A negative value of airolutr prc'^urc 
h impo??iblc; coawjucnily the ^ign of the term fV uwx ncce^^jrily 
alwaj'S be plus (+). 

The quantity refers to the potential energy of the medium al>ovr 
fomc nrbitrar\' datum plane. If this plane is taken below \y^ih |y)int 1 
and jx)int 2^ the sign of Mr, in each ca*:c is plus (-}-). Usually it is more 
ronvcnicnl to take the plane at the elevation of the lower of the iwu 
points, whence the value of the one is zero and iltc sign of the other is 
plus (+). 

The terms E and C, the molecular and atomic cnerg\' of the medium, 
arc also alwa>*s plus { + ) because each of these forms of energy drjKnds 
on temperature and the datum of temperature is absolute zero. Just as 
a negative absolute temperature is inconceivable, so is a negative value 
for intrinsic or chemical energy. 

The sign convention adopted by most stitdcnis of thrrnyKiynamics 
for Cl and M" when the General Energy Equation is written in the form 
given on page 30 is 

+ jQ: indicates heat energy added to the medium during its flow 
from 1 to 2, 

— iQ.: indicates heat energy wi(hdra\en from the medium l>ctwecn 

1 and 2. 

T jU"; indicates that external work has been done h the medium re 
the surroundings l>elwecn 1 and 2. 

— j IT- indicates that work has Ikcii done e*: the medium the 

surroundings between 1 and 2. 

Since this convention of signs for Q and IT is wliolly arbitrar\% any other 
convention,* intelligently used, will give equally consistent results. 

Enthalpy 

1'hr conditions under which many thrrm^yiynamir processes operate 
air frequently such that several of the terms in tlw Etwigy {‘quation are 
either '/rro or negligible. In even- flow prex’^^'^s. hov/rver. the terms E 
and pr have hniic values. Intrinsic energy E nmst Iiave a vahi<^ J>erau*'- 
it <lrnates intrinsic energy above absolute rero. rurtls^r. in mo ! prtyr- 
esws, the value of E\ differs from that of iVr^ uirr nwnw / E, frr- 
qurndy rallcsl flow work, must have a finite value at l>oth I and 

2 in order that tlw nicdium may he able to flow pa<! each ^^'Ction, 
IkT.nise tlie^c two qu.antitics invariably appear in flow and 

?tiu'e the values for i>otI\ of them .are by tlw <tafe of ?!w 

* I', j. un t ^t. ex SvtJtr!. . r E' 
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medium, it is an advantage to define their sum as a nc\v thcrmod>Tiamic 
quantity called enthalpy^ uhich is designated b> the letter //* (or h per 
unit of weight) Thus H, which is alw-ays expressed m Btu rather than 
foot-pounds, IS defined by 

H{Btu) = £(Btu) + ^ (Btu) 

Values for the enthalpy of steam and other vapors above some 
arbitrary datum of temperature arc tabulated in vapor tables in terms 
of the coordinates of the state In the case of steam tables, the datum is 
taken as 32® F Hence, the tabulated values of A give the enthalpy of 
steam abov e that state Values for the enthalpy of gases may be directly 
computed from knowledge of the coordinates of the state, as shown 
later in Chapter 4 

When H is substituted for the sum £ -h ^ and multiplied by 7 so that 

It IS expressed in mechanical umts (foot pounds) the General Energy 
Equation becomes, for M lb of medium 

^ + iVfci -t- C, + JHi + JiQ, = + C, -f JH^ + ,IF, 

Theuseof the equation in this form is illustrated by the following examples 


Example 1 


A boiler operating at a constant pressure of 240 Ib per sq in evaporates 
4000 Ib of water per hour The enthalpy per lb of water injected is 94 7 Btu, 



ric 2 S 


and per Ib of steam delivered to the 
mam steam line it is 1200 1 Btu 
Calculate the heat added to the 
water per hour 

Solution 

Since the rate of injection of water 
is the same as that of delivery of 
steam by the boiler, the process is 
one of steadv flovsr between a point 
in the feed line to the boiler and one 
in the delivery steam line from the 


boiler (see Fig 2-3) The object of the process is to increase the energy of the 
medium by the addition of heat Clearly Ae process docs not im olv e any chemi 
cal change, and so the terms C\ and Ct m the General Energy Equation arc equal 


• In the past tesibook vmter* have vanovaly daigrwted the quantity II a* total beat, 
heat content, and total energy Because the connotation of these names u likely to confiae 
the student, they »*iU not be used in this book they are mentioned here only to Cactltiate 
recognmon of enthalpy in refeirnce books. 
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For practicnl purpo-^r^ the cUfTcrrncc in the potcntinl en'^rc/ of th.e tn^dlum U 
nr^^lfViblc in comparison with thr other rtwrtrv' quantit:e'> irArtlvcrJ, and rnme- 
quentjy the term*: Afzt and .Ucrnrc taken ns cqunL Further, in n lx>i!^r ofyrrat- 
intt under the pressure 5tat^d in the problem, the velocity of injrr;i(,n I* not 
cnout’h different from the velocity of delivery to make a yirrnificant ddTerrnce * 

in the kinetic cncrr\’ tenrA —r — and — - 

Or 7 /t 

Finnlly, no rncchnnical work U done cither f/ or ce the rrt^ium 

durint: die process of cvaj>orasion. It tnic that a certain amount of cn*^rx:y 
h involved in pnrridinc: die rpacc necerrarj for the medium to enter and lra%e 
the l>oiIcr, but tlu^ is taken c;irc of !)y the flow*work or prcjaairc'cnen;;>* terms 
f'lVi and /:IV Tlic alwncc of external mechanical cflects in the proems 
rcquirc5 that the term iIF* be zrro. 

With the simplificaiion brought about by the alwc condderadons. 
General Cncry:)' Ix^uaiion for this proccfa rcducc5 as follows: 


the 


-f A/ct + Ci+y/Zi + J^Qa ^ — 


2c 


or 

or 


Jill- 


JiQj 

iQji 


2^ 

^ ///. 

- //; - //, 




Direct stibstitudon of the given valuc5 for and and for ifie weight of medium 
flossang per hour gives the result 

iQs « 40(^3(1200.1 - 94.7) 

« 4,421,600 Btu per hr 
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With these ^simpljficauons, the General Energy Equation for the process is 


+ A/«t + C, + JH, + 


Mux' 

2g 


Mui' 

25 


+ Mki + Ct + JHt 

-JHt 


Since the \elocity attained by the expansion u quite independent of the 
weight of medium flo^vlng, M is conveniently taken as 1 lb By direct subsutu* 
tion 

;^= 778(1197 8 - 1143) 

64 4 

«j = 1650 ft per sec 

Example 3 

Methane (CH 4 ) is burned in a Bunsen burner with complete combustion 
at the rate of 0 1 cu ft per mm At atmosphenc pressure ai^ 18® G the heat 
of the reaction 

CHj + 2 Oi = CO, + 2 H,0 


IS given as 212,790 calorics when the quantities involved arc in gram mols and 
the products have been cooled to 18“ C IVhat is the net difference between 
the combined intrinsic and chemical energies of the reactants and the products 
of reaction^ Assume that the volume of the condensed water is negligible 


Solution 

Steady flow conditions exist in the region where the reaction takes place, 
t c , methane and air enter the region at the same rate that carbon dioxide and 
water vapor leave it Entrance and exit velocities are both small so that the 

kinetic energy terms ~ — may be neglected Likeivise, the difference in the 

25 

potential energy terms {M£j 11 not significant No external mechanical work 
is done Therefore 

+ Mil •¥ Cl El piV\ + JiQ^ = + Mix 4- C, -f A 


2S 


+ lll'tl-o 

(C, + £0 - (Cl 4- El) = piVi ^ pxVx + JiCU 


From the reaction equation, in each minute 0 1 cu ft of CH, combines with 
0 2 cu ft of O, to yield 0 1 cu ft of CO, if the lolumc of condensed water ts 
neglected Hence 

F, « 01 +02 = Oicuft 
and F, = 0 1 cu ft 


Since 1 cu ft *= 28 32 liters, F, and F, in cgs units arc 

Fi « 0 3 X 28 32 = 8 496 liters 
and F, » 0 1 X 28 32 - 2 832 hten 
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Hy the icrim of the problem fn f'i \ ntm; therefore 

piVx 8*496 liter ntm 
^ind /’jT} 2,B32 liter aim 

In tliermorhemical raIcu1niion% rrj nation n arc conventionally v.rittrn in 
nnit«? of calorics. Ilrncc the equation 5!u3ulci l>e divided throtiehout by J, 
itu' in mind tlint Cand /i may be cxprc^^cd in eiih*^r mechanical or heat unit' 

(C: -i- /;.) - (C, + £,) - j {/.,(•, - / -i- iOj 


Or, 5inre in terms of liter atmosphrrc5 and calari<-s 

liter atm 


J ^ 0.0413' 
1 


cal 


(C, -t- F.,) - (C. + £,) - - /:»':) '?■ .Cls 

1 1 a 


iQi is the heat of reaction and is ffivcn in units of calories jx'r riain-mol*. It 
is therefore ncccssarv" to find the amount of Clb !)Un3rd in unit time in units of 
Crarn-mols. By Avo;%adrcr*s HyfKjthe^is, a ftranMnoI of any cas at atnioq)ficric 
pressure occupies 23*9 Jiirrs at 18® C; therefore 

,, , r 0.1X 28.32 

0.1 cu ft ^ 0.1 18 d it-mol of methane 

23,9 


Wc are now* ready to s\ibsiitutc the hnown values in th*' equation. rrmendKr* 
ing llini iQ^ is negative l>ccause it designates heat given off. 

(C: + ^:)-(C.+£,) - (1 X 8.-i96- 1 X 2.532)-j- 0.1185 X{~ 212.79'0 

- 2-5.21 (5.66't) - 28,216 
137 — 25,216 
^ 23,079 cal 

It is to l>e o!)<er\‘rd tlint the decrease in coml)ined ch.emical and intriraV 
tnrnties is netti.ally less than dir amount of heat csoKrth 'Hie vc^Iurn^ d'vrrra*^ 
arcomp.'trjyint: the rcariiorj accounts for the tiiffcrrnre. J Jad die volume t h*»?r:r 
l>^en an inerras^' imtrad of a decrease, the l^at evolvctl wotild have Ij^en le" 
than the tlrrrra^e in tlir ronibinet! chemiral atu! intrinsic cn^fk'i'^ bv t!-r 
amoitnt of rnerey required to produce spare for ih.'' pr^xlucts of the re.ir tion. 

S.itur.itrd steam at 260 lb j>cr sq in, prr^uire h supplied to a **^am rti/iu'* 
whiclt rxliaunis to the armaspiKrr. enthalpy of rrvt'*fine tte.^m I* eism 
in the steam tables as 1201 Itt^i per lb, and that of th** c'^hato: str*am i*. rompu’^-'l 
to Iv^ in21 Ib\i |>cr lb. If of the rn'Try rrprev'r.tt'^l by in 

enthalpy is dbdpatrtl by n’^diation from th^ c^rmd»er, bow touch i* <! n ^ 
|>rr puuid of steam flowinr? 


Sf'.U'K 

'Hir difTrttner in the hinctie cne:v\* di** ent^rinv at'^! 
is tio* sudkicntly rrcat in compari^an ^^idl od*fr t**rna to s*. .^rrant 


r\b,'ant s*'* sn* 
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No change m chemical energy is involved The difference in potential energy 
terms is negligible We shall use the form of the General Energj Equation 
that applies to 1 lb of medium and is in terms of A so that we may substitute 
the given data directly Then 

^ + «i + Cl + + J^qt = ^ + + Cl + + ,ir, 

— Ai) +yiji 

= 7(1201 - 1021) + A91 
= 7(180) + 7.y, 

i?i = - 0 10(Aj - Ai) = -* 0 10(180) = - 18 Bw 
(The sign of iqt is minus because heat leaves the system ) 

,rr,'= 778(180) - 778(18) 

= 126,036 ft lb per lb of steam 


Energy Equation (or Non^Ftow Processes 

It IS characteristic of a non-^^o^v process that the medium rmains 
in the apparatus m wluch the process takes place Evidently in such a 
process the terms of the General Energy Equation that arc dependent 
on the transport of the medium to^vard and away from the apparatus 


have no sigmficance These terms are kinetic energy of the medium 

as a whole, and pV^ pressure energy or flow work Also, the diflercncc 
m elevation of the center of gravity of the medium before and after 
a non flow change is trivial, even m the most exaggerated case Hence 
the term Mz may also be neglected With these changes, the General 
Energy Equation Jot a nonjlow process is 


C, + Ex+ JiQ^ = Cj + £, -f 
This may be readily transposed to become 

Adi = (Cl - Ci) + (El - El) + i»r, 

The process docs not involve any change in chcrmcal energy, hence 
the equation further reduces to 

Ad = 

This reduced form is the one frequently found in textbooks Ew- 
dcntly It IS not truly a general equation because with the nomenclature 
we have chosen it applies ordy to non-chcmical, non-flow changes of 
state How-cver, most industnal processes involve a succession of 
dificrcnt t^qics of state changes, hence for a complete understanding 
of the whole process, it is not only desirable but frequently necessary to 
study each of these changes separately It is for such study that the 
non-flow equation is particularly useful The student must keep clearly 
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in mind the fact that this equation deals wth n sinrjt svh.^^rcas ilie 

flow equation applies to a continuoudy rccuirintt chanjtc or ''‘qu'*nce 
of changes. 'Hie use of die General Energy* rkjuation for a iion-flov.* 
process is illustrated by the following example. 

Exnmf>le 

For the non-flosv compresrion of n certain mass of air 35, OC^ fi-lb of 
are required. Durint^ the compression 12 Btu are ahv)r!>etJ by rry^ling 
in (he jacket surrounding the cylinder. What is the change in i ntri ndr cr.'T.."y 
brought al>om by the compression? 

Soft:! ton 

Since work is done cn the medium by an cxiern.al agent, the ?:en of jB*} for 
this process is minus, llic sign of jQj Is aho minus becaii*^e heat is removed from 
the medium. Hence, substitution in the equation 

AOj - (Er - £:) m ^U\ 

gives 

17H- 12) « (/Tj - El) - 35,000 
778(- 12) ^ AE- 35,000 
AE « + 25,664 fidb 

Since the sign of AE is plus, the change brings alx)ut an increase of E of 
25,664 ft-lb. 

Limiting Types of Thermodynamic Chonges 

In the most general sense, any thermodynamic medium may change 
its state in an infinite nuinl>cr of %vays. However, for convenience in 
analysis, such changes may lx: classified into five rlcmen(nr>' lypc^: 
isotlicrma), adiabatic, isopicsiic (constant pressure), isometric (constant 
volume), and polyiropic. All of these arc useful in the study of ixjth 
flow and non-flow procc-sscs, 

\\Ticn the slate of a thermodynamic medium changes in such a way 
that tlic (mf-fratuTc rJuws rcmrJns the medium is tc-j have 

undergone an isoihrrrr.al change. Tlic expansion of romprrsced air in 
its flow along a pl|K: is an isolhcnnnl process. Constant aimoqdirrir 
tcinj>craturc is maintained Ijv the influx of heat from tli^* ainwph'Tc 
thnmgh the uninsulated walls of the pipe. It is worth noting that wb.^n 
a medium expands^ its temperature gciwrally tends to f.ili of 

the lessening in its store of intrimic cncnrv% O^rr'^urntly. if the trtnrx-r- 
atiirc is to remain constant, energy* mint lx* added. Oanvrrdy, on 
compression, wlicn the temperature usu.illy t«"ndt to en'^nrv* nnr? 
be withdrawn in order to maintain notherm-al conditions. 'Hun. 
during an isothermal change tlierc is always a tramfer of energy which, 
is usually in the form of heat. 
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An adiabatic change is defined as one during which there is m exchange 
oj energy in the Jorm oj heat bct\\cen the medium and the external sur- 
roundings Hence, svhen the General Energy Equation is applied to an 
adiabatic change, the term iQi is zero The definition implies that 
the apparatus in which the change takes place is perfectly insulated 
from the surroundings or that the change occurs so rapidly that there is 
no appreciable exchange of heat with the surroundings The definition 
does not exclude the possibility of heat flow iiithm the medium itself 
as a result of fluid friction or of unequal temperatures at various points 
in the medium These are items which will be treated fully in a later 
chapter In many actual processes and cycles it is desirable at some 
stage of the complete process to create conditions that are as nearly 
perfectly adiabatic as possible Altliough the actual realization of the 
true adiabatic change is probably never achieved, it is approached to 
a considerable degree in actual machines The rapid expansion of 
compressed air in the cylinder of an air engine closely approximates 
adiabatic conditions m that it takes place so rapidly that there is hardly 
time for heat to flow in from the surrounding atmosphere 

The definition of an isopiestic or constant pressure change is self- 
evident from Its name Constant pressure processes are particularly 
adaptable to many industrial uses, as for example, the operation of steam 
boilers, air-conditioning systems, and industrial chemical processes 

An isomelTic change is defined as one during which the volume re- 
mains constant The experimental determination of heat of combus- 
tion in a constant- volume bomb calorimeter is an excellent illustration 
of a constant- volume process It should be noted that dunng a 
constant- volume change of any medium whatsoever no mechanical 
effect external to the sj’stcm is produced and hence no nork is done 
Consequently, the term lU^i in the General Energy Equation is 
always zero for such a change The constant volume change may be 
considered as analogous to the mechanical condition m which a force 
acts but does not produce a displacement In neither case is a ly work 
done 

In actual machines the thermodynamic change tliat takes place 
usually cannot be defined by any one of the foregoing types It has been 
found, however, that such changes may be closely represented in pV 
coordinates by the equation pV* =* const To such changes his been 
given the name polytropic, a word derived from Greek words meaning 
“many properties ’’ Tlie value of the exponent n m the equation pV" = 
const depends upon Uie arcumstances attending the change in question and must 
be expenmcntally determined for that change Since pV" const 
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npplic*^ ro at.) sfafr (tint rj th civ:rf^ it rol!o;v5 thru /'*?'}• 

HriKT, substitution in tiir rqttation of mr:iujrr<i of / aiui f’ Un 

any two Mate points of the rliannc inakr^ {Kj^‘'il)!c Uw (oinpui.uion of r / 
7 hh is arconipli‘‘hcd by the ordinary logarithmic inrthexi for solvimj 
exponential rejuations. Thus 

/aJV - pz^z^ 

loct pi -p n log Tj loct/ j + n log F: 
or Fi — log F':) ^ log — log /n 

lorr b 

,, ^ bSLpJJlA^lb, ^ 

log Ft ^ log T: . r, 


Point and Path Fanctlons 

In ilie preceding discussion of the several terms of ilic licneral Cnergy 
liquation it ssas emphasized that some terms referred to stored rne:gy 
while others denoted energy in transition. 'Fherc is an e<^<'*ntial difTcTenre 
in the manner of evaluating thr<e two types of terms. It is decidedly 
worth while to examine the nature of this difrerrnee before pioceeding 
to the detailed study of the nrtvinl methods of evaluation. 

It w*i!I be recalled from the dementar}* calculus that tlir nica under 


a curve expressed in ,V — Y coordinates is given by / j dx. In order 


>r- 


to evaluate tins integral it is necessary to express^ in tenns of i.r.* 
Substittiiion then makes the integral equal tn 


which is readily evaluated. An indcrmiie number of difTercnl kinds of 
curves might be drawn through the fame two end |>oints» eaclt tierm^'d 
by n difreient function ; 71ic area under each of th^^r dib 

fctcnl rurv'cs depends on ilir shape of the curve, and <o the area uikF: 
it tnay be s.jid to depend on the path that defines it. Since the varj.d)F< 
A andj are merely fnnnal syinl>o!s in mathrmruical amhd', the rrnih 
obtained ftorn tlw grometrie illustiation of area may l>^ gen^rali/ed to 
apply to the integration of any quantity of tlw fijrm <A roreon- 
venietu'e* alt Mtch functions mav b^ ('alPd patli fiuvuiom. the* 

value i»f their driinitr integral firj>^!K!s on the p.ui\ cJrluwd* hvy* ' 'h 
Inrierd. tmlcss the rquaiiort of tlie path is know'a, dwy cannot irv 
fegiatefl .\i :dk 
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On the other hand, the student will also recall from the elementary 
calculus one type of differential expression that can be integrated 
directly, without kno\N ledge of the relationship bettvecn the variables 
Such an expression is called an exact differential, a simple example of 
rw 

ivhichis I {jfdx'i-xdj/} The value of the definite integral of an exact 

differential depends ordj on the values of the function at the tivo limits 
and IS quite independent of the form of the path between the limits 
Thus, for the example given 


J {jfdx + xdy) = = x^i — X 


The integral of an exact differential is called z. point Junchonj examples 
of It are part of everyone’s experience One commonplace lUustrauon 
is the fact that the work done against gravity in climbing to the top of 
a mountain is independent of the path traveled Consequently, to 
every point on the earth’s surface may be assigned a value representing 
the work per umt of mass that must be expended against the force of 
gravity in climbing to that point from some arbitrary datum such as 
sea let cl Thus, gravitational work is a point function As another 
illustraUon of a point function, suppose that the temperature at every 
point in a room were carefully measured The temperature distribution 
in the room would then be identified by the coordinates of the various 
points In this case, temperature is a point function, since each point 
in the room, located by means of rectangular coordinates, has a perfectly 
definite value of temperature assoaated with it It is unlikely that the 
distribution would be such that it would be easy, or even possible, to 
dctcmunc the form of the function, but this difficulty in no way changes 
Its nature as a point function 

Since every point function depends upoti the value of the coordinates 
of a point, a table may be made setting forth the values of the function 
at suitable intervals in terms of the corresponding coordinates Such a 
tabic could not be made for a path Junction, because knoivlcdge of its 
values at two different points does not establish the amount of change 
in the function between those points 

The following illustration help to disunguish the difTcrcncc m 
physical significance, numerical evaluation, and tabulation bctivccn 
point and path functions Since gravitational ivork is a point function, 
the wQrk per umt mass that must be done against granty m reaching 
\anous elevations may easily be tabulated m terms of the cics'aucn 
above a certain datum, usually taken as sea level But the amount of 
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a c>xle ABCDA (Fig 2-5), the medium is restored at the end of the cj-clc 
to the state m %vhich it was at the beginning This means that molecular 
agitation and configuration, and hence intrinsic energy, arc the same 
after the completion of the cycle as they were before, and illustrates the 
fact that the value of intrinsic energy depends on the state It also 
follows that for a cycle in which the medium returns to its initial state, 
the net intrinsic energy change is zero 
Since any tivo of the three coordinates p, 
F, and T suffice to fix the state of a 
medium, we may WTite 

E = /(r, 10 

or E — ^[p, F) /- 

or E = T) 

Thus It is that unth every state point of 
a medium there is associated a definite* 
\ aluc of intrinsic energy If a medium 
undergoes a change from state 1 to 
state 2, the change in intrinsic energy is given simply by Et — Eu 
ugardUss cj the way in which the change lakes place The same 



Fic 2 5 C>clicat Process Repre 
icnteU on a PI Diagram 


principles apply wth equal force to the quantities C, and pV 

As enthalpy is the sum of two point functions, E + it is likewise a 
Afu* ^ 

point function Since and Mz refer to mccharucal energy of the 

whole mass of the medium, values for them arc readily obtained from 
knowledge of the velocity and eleiation respectively Values for E and 
// have been tabulated over uide ranges of the coordinates for a con 
sidcrable number of substances 


Evaluation of iQt 

The quantity of heat added to or withdraivn from a medium may lie 
directly calculated for only two types of change, constant pressure and 
constant volume This is because specific heat values have been meas- 
ured only under these two conditions Theoretically there is an infinite 
vanety of specific heats, each for a different type of change, but the 

• The absotute zero of intnnsic energy has never been establisher! and so the absolute value 
of tntnnsic energy at various state points cannot be written But I has di/T culty u of no signifi 
esnee here because we are concerned with the increase or decrease In intruuie energy result 
mg frotn a certain thertnodynanuc change pf state. Just as wt choose sea level as an arbi 
trary datura for measurement of elevation, so may we cho«c an arbitrary datum of {ntrinsie 
energy Then the simple difference in the values of £ above this datum before and after the 
change of state >ields the correct value for mtnnsic-eaergy Increase or decrease 
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external work is said to have been done by the non-flow expansion of the 
gas The amount of ivork done is F X where F is the total force 
acting on the top of the piston and L is the distance the piston moves 
Both F and L arc readily related to p and AT, tlie change in volume, for 

/» = ^ and AK >= LA 

where A is the area of the piston face Then 

F ■' 

p SV = — X LA = FL = ivork done against the piston 


If the change in volume is taken smaller and smaller, the work done 
becomes smaller in the same measure and so in the bmit of dW « pdV 
The necessity of going to the differential form of the expression becomes 
immediately apparent ivhen ^ve realize that m this illustration the 
pressure remained constant Usually the expansion of a gas results in 
a continuous drop in pressure directly related to the change in volume 
Therefore, in order to evaluate work as ^ AF, we must take a change 
in volume so small that the pressure remains practically constant dunng 
the infinitesimal change The total work for the entire change will 
then be given by the definite 
integral of pdV between the limit- 
ing conditions 

X r, 

pdV 

As an example it will be helpful 
to consider the graphic representa- 
tion of the expansion of a medium 
and the work done by it In Fig 
2-7 the curve 1-2 represents on 
the pV diagram the continuous 
Fic 2 7 Path of Expansion and tiork of change of State of a medium as it 
E.pa™,o„ on . PP ^ ^ ^ 

(piFj to />* F*) Evidently the pressure is constant only for the infinitesimal 
change of volume dV Since d\V = pdV, the work done during this m- 
fimtesimal change of volume is represented by the shaded area pdV The 
process of integrating the differential expression to obtain the total u-ork 
done imolves no more than the addition of all the stripspdF from V\ to F* 
It therefore folloivs that the work done by an expanding medium in a nonjloiv 
process ts represented by the area under the curve on the pV diagram that repre- 
sents Iff change oj state Gases and vapors can change their state in a van- 
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Hence, for convenience, the value of PtVi* is taken for evaluating the 
first term of the numerator of (1), and pxVi" for the second Then 

iv = ^ pzV, - 

•— n 4- 1 I — n 


It IS to be noted that this equation is \alid for any value oj n exitpi 
n = 7, m %vhich case the expression for iir* becomes indetcmunate 
Since the change represented by n = 1 is important, further attention 
must be gi\ en to the value of iir* for it If the initial analysis is repeated 
for the case n = 1, there results 


pV ~ const 
iIK, 


X>=X" 


- 

V 


'‘If 


The student wll recall from the elementary integral calculus that the 

fdV 

evaluation of this integral differs from that of the general case / — and 
IS, in fact, given by the natural logarithm of the variable Thus 
iJVt = const J ~ = (const) log. 

Vi 

= const log. ~ 


The value of the constant is given by the measured values of p and V for 
any state point of the change, i e 

piVi = PtVi = 

Therefore, uhen n = 1 in pV" = const 

ifKi = /iiTi log,|^ or /’iIMog.yy^ 


Since piVi = piViy this equation may be expressed m terms ofp by the 
following substitution 

PxVx = p^Vu 

Substituting gi%es 

ilffj = /'ll'! log*^ or /Jj^alog,^ 

The use of the above equations for the evaluation of the ViXirk function 
xlffi IS illustrated in the following examples 
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The \vork of compressiop per stroke is now obtained from 

PiVi ~ f),Vi SOX 144* X J 25 H5X 144X47 


im- 


l — n 
14>400 - 9810 
-0 29 


‘129 


<- 15,800 ft lb 


By convention, when the sign of iWt is minus, it u taken to mean that work is 
done on the system by the surroundings This, of course, is the case in com 
pression (sec page 31) 


Work Dona in Cyclical Processes 

The use of the graphic representation of iir» is decidedly helpful when 
It IS desired to determine the net work. done in a senes of changes such 
as are encountered in any cyclical process Fig 2-8 shows a cyclical 
process in terms o( pV coordinates The change AS is an expansion 



Work (— ) doM 22 medium to 
niton it to oridu] <tiU A 
Fic 2-5 Net IVork of a Cyclical Procesi 

Hence it represents ivork done bjf the medium which by the sign con- 
vention v»e have adopted is given the algebraic sign of plus The chaise 
BC IS likewise an expansion and the work done by it is also plus The 
changes CD and DA, however, are compressions, that is, work is done on 
the medium by the surroundings and the integrals of pdV for these 
changes arc inherently negative 

* Note the convernon of pressure to pounds per square toot in order that work may be 
expressed m the conventional units of foot pounds 
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7 It u claimed that a certain heat engine dclnera 300,000 ft*\b of \vofk per 
hour and dunng this penod receives 350 Btu of heat Are such results 
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24 Discuss ihc mcaiung of the terms thermodynamic system, thermodynamic 
process, thermodynamic cycle Illustrate 

25 If the intrinsic energy of a thermodynamic medium is in mechanical form, 
how IS It that an adiabatic change results in a change in temperature^ 

26 Dunng the compression of 1 lb of air in a non flow process 10 Btu are 
removed by the cooling water and 30,000 ft lb of work arc required IVhat 
IS the change in intrinsic energy of the air’ If the initial temperature of ihe 
air was 80“ F and c* =* 0 23, what is the final temperature’ 

27 How may energy which is transformed into work bv means of a thermody 
namic change be evaluated’ In what units ivUl it ordinarily be expressed’ 

28 Dunng a non flow adiabatic change of state of a medium, 15,000 ft lb of 
external work arc done What is the change m intnnsic energy of the 
medium’ In foot pounds’ In Btu’ Will the temperature of the medium 
nse or fall as a result of the change’ 

29 The change in enthalpy per pound for air compressed adiabatically from 
an initial absolute pressure pi and volume ri to final absolute pressure Pi 
and volume p* is given by the expression 

j ^ 

Denve an expression for the change in t for the compression 
PioU k IS the value of n m pV* = const for adiabatic change of a gas The 
expression for t will be denved m a different analysis in the chapter on 
ideal gases 

30 Using the expression in Problem 29, determine the mechanical cfTicicncy 
of a compressor unit which requires 51 000 ft lb to compress adiabatically 
1 lb of air from 14 4 lb per sq in abs and 10 45 cu ft to a pressure of 136 7 lb 
per sq in abs and a volume of 2 09 cu ft Use ^ = 14 

31 In a non flow process a medium undergoes a change of state from an iniual 
volume of 10 cu ft and pressure of 1 50 lb per sq in abs to a final volume of 
25 cu ft and pressure of 60 lb per sq in abs The equation of the path u 
pV = consL Compute the external work done Is this done on or by the 
medium’ 

32 A non flow change of state of a medium occurs at a constant vxilume of 
10 cu ft The pressure increases from 20 lb per sq in abs to 100 lb per sq 
m abs Is any external work done’ Does intrinsic energy increase or dc- 
crease’ Must energy be added or abstracted’ WTiat relationship must exist 
between the energy added or abstracted and the intrinsic energy change’ 

33 In a non flow process a medium undergoes a change of volume from 50 cu 
ft to 25 cu ft at a constant pressure of 100 lb per sq in abs ^S^lat is the 
cquauon of the curve representing the path on the pV plane’ Is work 
done on or by the medium’ How many foot pounds’ If 200 Etu of energy 
leave the medium m the form of heat dunng the process, what is the change 
tn mtnnsic energy’ 

34 A medium having an imtial volume (rf 10 cu ft and pressure of 150 Ib per 

sq m abs undergoes a non flow change of state to a final volume of 25 cu ft 
and a pressure of 49 4 Ib per sq in abs The equation of the curv c on the 
pV diagram representing the change is * ** const Compute the external 

work done Is this work done on or by the medium? 
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potential energy as that svith ^^hlch it started The ups\\ing t\as there- 
fore an ideal reverse process to the downsivmg, because the pendulum 
returned to its initial state and the entire amount of energy transformed 
was ultimately completely restored to its iniual form 

Another example of reversibility is given by a fnctionlcss adiabatic 
change of state Imagine that a bicycle pump has its outlet scaled off 
In order to insure the adiabatic propertj, conceive the pump barrel 
to be so perfectly insulated that no heat can enter or leave from the sur- 
roundings Now suppose the plunger to be pushed down so slowly that 
no turbulence or internal friction occurs, and let the amount of work 
done be carefully measured If, after compression, the pump handle is 
released as slovvij as it was pushed down, just as much work will be 
obtained from the expanding gas as was expended in compressing it and 
finally the medium will return to its exact original state Evidently, 
if absolutely all internal friction and turbulence are to be avoided, the 
process wall have to be earned out infimtely slowly, a procedure which 
IS clearly impossible 

From the foregoing examples, the student might get the idea tint it 
is the absence of friction which is the essential feature of a reversible 
process Suck a conctunon ts inadequate All natural processes that in- 
volve energy in the form of heat are inherently irreversible Because 
heat flow naturally occurs only from a region of higher temperature to 
one of lower temperature, heat flow m the reverse direction can be ac- 
complished only by the supply of addiuonal energy from an outside 
source We can however, conceive an ideal limiting process in which 
reversible heat flow occurs To do so, wc must consider that the heat 
flow occurs isothcrmally This violates the natural law that heat flows 
only from a higher to a lower temperature But if wc imagine the tern 
perature difference to be infinitelj small, vve revert to the idea of a 
reversible process being one in continuous equilibrium in wluch an 
infimtesimal change of coordinate (m tins instance temperature) will 
reverse the direction of the process 

TVve vjaeC’ilejess. of vde.a. of 3. process. Ues in. the fact that 

It defines an ideal from which the dcv^atlon of practical processes may 
he measured It is by means of quantitative knowledge of the amount 
of this dcvnation or degree of irrevcrsibilit> that the efficiencies of similar 
processes may be intelligently compared Furthermore, the same 
knowledge is invaluable in pointing the way toward the possibility of 
improving processes and cycles so that they may more nearly approach 
the ideal 
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potential energy as that ^Mth tvhich it started The upswing was there 
fore an ideal reverse process to the downswing, because the pendulum 
returned to its initial state and the entire amount of energy transformed 
was ultimately completely restored to its initial form 

Another example of reversibility is given by a fnctionlcss adiabatic 
change of slate Imagine tint a bicycle pump has its outlet scaled off 
In order to insure the adiabatic property, concenc the pump barrel 
to be so perfectly insulated that no hcit can enter or lea\c from the sur- 
roundings Now suppose the plunger to be pushed down so slowly that 
no turbulence or internal friction occurs, and let the amount of work 
done be carefully measured If, after compression, the pump handle is 
released as slowly as it was pushed down, just as much work will be 
obtained from the expanding gas as ivas expended m compressing it and 
finally the medium will return to its exact original state Evidently, 
if absolutely all internal friction and turbulence are to he avoided, the 
process ivill hive to be earned out infinitely slowly, a procedure which 
is clearly impossible 

From the foregoing examples, the student might get the idea that it 
is the absence of friction which is the essential feature of a reversible 
process Suck a conclusion ts inadequate All natural processes that in- 
volve energy in the form of heat are inherently irreversible Because 
heat flow naturally occurs only from a region of higher temperature to 
one of lower temperature, heat flow in the reverse direction can be ac- 
complished only by the supply of additional energy from an outside 
source \Vc can, however, conceive an ideal limiting process in which 
reversible heat flow occurs To do so, we must consider that the heat 
flow occurs isothermally This violates the natural law that heat flows 
only from a higher to a lower temperature But if we imagine the tem- 
perature difference to be infimtely small we revert to the idea of a 
reversible process being one m continuous equilibrium m which an 
infinitesimal change of coordinate (m this instance temperature) will 
reverse the du'ecUon of the process 

The usefulness of the idea of a reversible process lies in the fact that 
It defines an ideal from which the deviation of practical processes may 
be measured It is by means of quantitatue knowledge of the amount 
of this deviation or degree of irreversibility that the efficiencies of similar 
processes may be intelligently compared Furthennore, the same 
knowledge is invaluable m pointing the way toward the possibility of 
improving processes and c>clcs so that they may more nearly approach 
the ideal 
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Initially, consider that the medium m the c>linder is at an elevated 
temperature Ti, and that the piston is at position 1 The cylinder w 
then placed in contact with a bt^y also at T\ and so large that the with- 
drawal of heat from it does not lower its temperature Such a body is 
called an xnjiniie source of heat The external pressure on the piston is 
assumed to be maintained infinitesimally less than that of the medium 
and so the latter expands When any medium expands, the temperature 
tends to fall because intrinsic energy, which has already been shown to 
depend on temperature, is the immediate source of energy for the work 
of the expansion Of course, in many processes, as in this one, the store 
of intrinsic energy is immediately replenished from another source 
In the present case, as soon as an infinitesimal quantity of work has been 
done, the temperature falls infinitesimally and an infinitesimal quantity 
of heat flows in The addition of this heat to the medium restores its 
temperature to the imtial value Ti Then another infinitesimal amount 
of work IS done, again the temperatUTe fails inhmtcsiinaUy, and again 
heat flows in from the source The expansion continues in this fashion, 
with the temperature at any point in the medium never departing 
more than infinitesimally from Ti, until the piston reaches point 2 
(Fig 3-la) It was assumed at the outset that all the processes of the 
cycle ^^’ere reversible Hence, in the limit, as the infimtcsimal changes 
in temperature approach zero, the change of state iccompanying the 
displacement of the piston from 1 to 2 is a jeversible isoihermal expansion 

For the second process of the cycle, the cylinder is considered to have 
been removed from the infimte source of heat and placed on a block of 
perfect insulating material Since the cylinder walls and piston arc 
similarly insulated, no heat can enter or leaie the mdum. The medium, 
however, continues to expand adiahaltcally and remsibly until the piston 
reaches point 3 During this expansion the work done by the medium 
on the piston is wholly at the expense of intrinsic energy, for there is no 
other possible source of energy Consequently, the temperature of the 
medium falls decidedly during the process Let its temperature at the 
end of the expansion be Fs, which is of course less than Ti 

In order to complete the cycle, the medium must be restored to its 
imtial state point 1 This might be done by retracing the paths of the 
two expansions by adiabatic and then isothermal compression How- 
ever, if this were done, the amount of vvork done on the medium m 
compression would be exactly equal and opposite in sense to that done by 
the medium on expansion Thus no net useful eficct would be denved 
from the cycle Since the object of the cycle is to derive the maximum 
useful effect, the medium must be returned to its initial condition over a 
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path different from that over which it expanded. This is achieved by 
first compressing the medium- isothermally and then compressing it 
adiabatically. We shall assume that the external work done during the 
isothermal and adiabatic expansion was used to store energy in an external 
system. It will be necessary to withdraw some of this energy to effect the 
compressions. The remainder then constitutes the net work of the cycle. 

For isothermal compression the cylinder is considered to be placed in 
contact with a body also at 7*2 and variously called the cold body, 
receiver, condenser, or refrigerator. It is assumed that this body is so 
large that the addition of heat to it does not alter its temperature; 
hence it is called an infinite refrigerator, A force F is then applied to the 
piston, so that the pressure on the medium is maintained infinitesimally 
greater than its own pressure. The piston moves downward, and an 
infinitesimal quantity of work is done on the medium. This tends to 
raise its store of intrinsic energy and hence its temperature. The infinites- 
imal temperature difference, however, makes possible the flow of an 
infinitesimal quantity of heat to the refrigerator. This sequence of 
infinitesimal energy changes, which is the reverse of those that took 
place on the isothermal expansion 1-2, is continued until the piston 
reaches point 4. 

For the final process of the cycle, the cylinder is again considered to 
be placed on the insulating block. The application of externcJ force to 
the piston is continued, with the magnitude of the force increasing in 
such a way that the pressure on the medium is never more than 
infinitesimally greater than the pressure of the medium itself. Tecause 
of this and because no heat flows, the process is a reversible adiabatic 
compression. All of the work done on the medium through the action of 
the external force is therefore stored as intrinsic energy. Consequently, 
the temperature rises^ and the compression is continued until the tem- 
perature 7i, as well as the pressure and volume of the initial state point, 
has been achieved. This occurs when the piston has reached point 1 in 
Fig. 3-ld. The cycle of operations is therefore completed at this point. 

The Non-Flow Energy Equation applies directly to the several proc- 
esses of the Carnot cycle, since they are all non-chemical, non-flow 
changes of state. It is decidedly helpful in the analysis of the whole 
cycle to write this equation for each change of the cycle, thus 

Isothermal expansion 1-2 j [(-^2 — Si) + 

0=1 [(£3 - £5) + 


Adiabatic expansion 2-3 
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operate as a heat pump That is, upon supplying mechanical energy 
to U, u will take m heat at a low temperature, add to it the heat erjuiva* 
lent of the work done on it, and finally reject the sum of these two quan- 
tities of heat at the high temperature A numerical example will help 



Fic 3~3 


to make this clear Suppose that cycle A has an efficiency of 17 ^ «= 0 4 
Tins means that ivhcn operated as a motor, 0 4 Btu of mechanical wrk 
is done for 1 Btu supplied at the high temperature and 0 6 Btu is rejected 
to the refrigerator When operated on the reierse cycle as a heat pump, 
for every 0 4 Btu supplied as mechanical ivork, 0 6 Btu is absorbed from 
the cold body and added to the 0 4 Btu supplied as uork, and finally 
1 Btu IS rejected to the hot body Hence, for the reversed cycle, the work 
done on the shaft, multiplied by the Ttaprocal of the motor efficiency, 
gives the heat rejected to the hot body To return to Fig d cyde B 
supplies VbQ^ Btu of energy in mechanical form to the shaft dnnng 

cycle A, there mil be returned to the source beat units If 

lx 

the ratio of ib to va w greater than 1 , a greater quantity of heat will be 
rejected to the hot body than was taken from it. This would mean that 
in the entire system made up of the source, cycles A and £, and the 
refngcrator, heat was flowing from a loiv temperature to a higher 
temperature mthout expenditure of work But this is impossible because 
of the Second Law of Thermodynamics Therefore ib cannot be 
greater than rjA and the conclusion is that no cycle can bate a greater 
efficiency than a rc\ crsiblc one The Carnot cyolc, ivhich a reversible 
cjxle, sausfies the first entenon for maximum efficiency 
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In order to prove the necessity of considering the second criterion for 
maxhniun thermal efficiency, suppose that the isothermal expansion 
of a Carnot cycle is interrupted by a small adiabatic expansion, as 
shown in Fig. 3-4. On any adiabatic expansion the temperature must 



fall, since work is done at the expense of mtrinsic energy. Therefore, in 
this case the temperature falls to a value Tz and the cycle is completed 
as previously described. The figure clearly shows the work of the two 
isothermal expansions 1—2 and 2—3 to be less than that of the single iso- 
thermal expansion 1-3 of the ideal cycle by the work represented by the 
shaded area. Also, the heat added during these two expansions is less 
than in the ideal cycle, for the work of isothermal expansion has already 
been showm to depend on the heat added. The amount of heat Qji 
rejected to the refrigerator at T 2 , however, remains the seime. Therefore, 
in the definition of Carnot efficiency 

Qj ""-St = 1 _ ^ 

the value of the fraction ^ is greater than in the ideal case, and hence 
the efficiency is less. 

Similarly, the interruption of the isothermal compression by a small 
adiabatic compression increases the total work of restoring the medium to 
its initial state. The reality of this increase is shown by the shaded area 
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5-6 in Fig 3-4 Hence the amount of heat rej cclcd to the rtfngcratof 
IS greater than is the case when the isothermal compression is uninter* 

rupted This further increases 

equation, and/wrffi/r decreases the value of the efficiency of the c)dc 
Of course, the change of temperature during the addition or withdrawal 
of heat might come about in many different way’s from the one desenbed 
In every case, however, the effect of such changes of temperature may 
be analyacd in this fashion The result of all these analyses invariably 
leads to the conclusion that even in. a reversible cycle maximum trans- 
formation of heat into work occurs only when heat is both added to and 
withdrawn from the cyle tsolhermally Thus it is that in the ideal Carnot 
cycle heat is added during an isothermal expansion and withdrawn 
during an isothermal compression 

Thermodynamic Scale of Absolute Temperature 

The third item of the Carnot Principle involves consideration of tlic 
scale upon which temperatures Ti and Tt are to be measured On 
page 6 It was shmvn that a unit of temperature is expressed in terms of 
the expansion of some thermometne substance between arbitranly 
selected points In the foregoing discussion of the Carnot cycle it was 
stated that the heat must be supplied to the working fluid at the highest 
possible constant temperature, and the ^vorklng fluid must reject heat at 
the lowest possible constant temperature Nothing was said as to what 
values these temperatures should have They iiere simply taken to 
indicate relative degrees of hotness without regard to any temperature 
scale or method of measurement From this it appears that the Carnot 
cycle may be used to define a temperature scale which ^vllI be absolute 
in the sense that it is quite independent of the nature of any thermometne 
substance 

Suppose that a senes of Carnot cycles is devised, with the refrigerator 
of one cycle constituting the source of heat for the cycle following it 
It this, sequence, of cycles is indefinitely continued^ a point 
will cientually be reached where, in the last cycle, ill of the heat added 
is converted to work and there is no heat to be rejected At tins point, 
then, the temperature T* must be absolute zero Now if these cycles arc 
devised in such a way that the temperatures of addition and abstraction 
of heat are at e^al intervals, it becomes possible to define an absolute 
temperature scale ^Vhcn this is done, it turns out that there is no sig* 
nificant diflerence between the absolute thermodynamic scale defined 
by the Carnot cycle and the absolute temperature scale as given by a 


the value of the fraction ^ m the efficiency 
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gas thermometer. Also, the quantities of heat added and withdrawn 
from the several individual cycles are proportional to the defined 
absolute temperature.* Consequently, Q,i is proportional to Ti, the 



higher absolute temperature, and to the lower absolute tempera- 
ture. Therefore the third criterion for maximum transformation of heat 
into work is expressed by using this proportionality to write the equation 
for Carnot efficiency in terms of absolute temperatures, thus 

„ 0.1 - fe ^ Tx ^ 

^Camot fjp 


It will be found that the expression 

_ Tr - T, 

^Carnot <7^ 

i 1 

i 

is decidedly more useful in problems involving Carnot efficiency than 
the expression in terms of for the temperature of rejection is more 
easily measured than the heat quantity rejected. It must be understood that 
this expression is not valid for determining the actual efficiency of practical cycles. 
The latter efficiency approaches Carnot efficiency only in the measure 
that the conditions under which these cycles operate approach those of 
the Carnot cycle. The determination of Carnot efficiency is illustrated 
by the following example. 

* G. A. Goodenough, Principles of Thermodynamics ^ Holt, 3rd ed., p. 58. 
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Example 

A heat cycle operates bcovecn temperatures of 420® F and 60® F If 
3000 Btu are supplied this cycle, what is the maximum amount of work that 
can be obtained from this heat’ 

Solutton 


^ (420 + 460) - (60 + 460) 

420 + 460 
= 41% approx 

3000 X 0 41 = 1230 Btu maximum heat con\crtcd to work* 

1230 X 778 = 957,000 ft lb approx 

Factors Affecting Carnot Efficiency 

Inspection of the factors of the efficiency equation shoivs (hat Carnot 
efficiency can be inlproved by increasing the temperature of addition, 
Fj, or decreasing the temperature of rejection, Tj Both of these ideas 
have been and are continually being applied industrially m order that 
greater mechanical effect may be obtained from heat For example, m 
modem steam engine practice, higher and higher pressures wth cor 
respondingly higher temperatures are constantly being employed 
Likewise, the steam engineer makes every effort to have the steam 
exhaust to a condenser at the lowest possible pressure, with correspond 
ingly low temperature The same trend is evident m modem designs 
of internal combustion, engines In the last few years, compression ratios 
in automobile engines have been greatly increased This change of 
design results m increasing the temperature of combusuon, with consc' 
quent possibility of gam in efficiency Whether this possibility is real- 
ized depends on the mechanical features of the engine as well as upon 
the chemical and physical properties of the fuel 

It IS of vital importance for the engineer to appreciate the stnet 
Carnot limitation upon the efficiency of transformation of heat energy 
to mechanical energy, because from time to time he will be called on 
to pass upon the validity of schemes that aim to circumvent ih 

Example 

An inventor claims that a certain engine has a fuel consumption of 0 3 lb of 
oil per brake hp-hr developed The highest temperature obtained in the 
engine w 2500® F and the engine exhausts at 800® F The ml has a heating 
value of 1 2 000 Btu per lb One brake hp-hr is equivalent to 2545 Btu Arc the 
inventor’s claims posable? 

•This U the maxumun heat which could be converted to work by a Carnot cycle tfmet- 
tnf trix-xm tht pixn Umptraiura 
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Solution 

Carnot efBciency = ^ 

^ (2500 + 460) - (800 + 460) 

2500 + 460 

= 57.3% 

Claimed efficiency: 

Output ^ 2545 ^ 

Input 0.3 X 12,000 

Whether he is doing it willfully or not, the inventor is deluding hinaself. 

The Second Law of Thermodynamics 

An initial assumption to all that has been said about the Carnot 
cycle and principle was that heat was to be added at a relatively high 
temperature and rejected at a relatively low one. There is nothing in 
the First Law to require that this be done. This law states only the 
equivalence of various forms of energy, but gives no information as to 
the direction a given transformation should take. The First Law takes 
no exception to the possibility of having a cycle in which heat is 
wholly transformed into work. Experience has invariably shown that this 
never happens. The question then is: What^ are the limitations on the 
transformation of heat into work? The answer is embodied in the 
principleTcnown as^fhe~Second Law of Thermodynamics, which “is 
every bit as fundamental as the First Law. 

A great many eminent scientists have made statements of the Second 
Law. Probably the simplest of these is the one by Clausius, already 
given in Chapter 1 (page 4). This statement may be paraphrased by 
saying that heat cannot of itself i.e., without compensation, pass from a cold to 
a hot body. This means that heat has the unique property, inherent in its 
nature, of flowing naturally only in one direction, from hot to cold. Con- 
sequently, heat cycles are devised so that the temperature of the medium 
is lowered by the removal of energy in the form of work, thus making it 
possible to reject energy in the form of heat at a temperature lower than 
its temperature of supply. If any heat is to be transformed into work, the 
flow must not be direct, as in conduction, because in that case all of the 
heat that flows enters the colder body and there is no energy left to be 
transformed into work. The process must be one in which the medium 
absorbs heat at the higher temperature, undergoes alternate expansions 
and compressions as the result of which work is delivered to the sur- 
roundings, rejects a part of the heat at a lower temperature, and is 
ultimately restored to its initial state. Ideally, the difference between the 
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heat added and that rejected is transformed into wbA Sucli a cycle 
IS in accord >vith the Second Law because heat does pass from hot to cold 

The phrase “without eompensauon’* m Qausms* statement is of 
considerable importance and meats further consideration In any 
Tcfngerating cycle^ ^vhicK is in fact only a reversed heat engine, the 
cooIedTubstance is kept at a ioiy temperatu r e by withdra>ving heat from 
It- This heat is subsequently rejected to the surroundings at a higher 

tem perature But the slightest acquaintance with a Roiischold dcctnc 
refrigerator or even with the bills for its poiver consumption is enough 
to impress on anyone that this flow of heat from cold to hot is accom 
plishcd only by the expenditure oj ivork If it were possible to mali.c heat 
flow from cold to hot \\rithout compensation, i iT, without the expendi- 
ture of ivork, It would be possible to collect the vast quantities of low- 
temperature heat in the earth, the seas, and the atmosphere, raise it to a 
high temperature, and use it as a source of energy for heat engines A 
scheme of this sort would achieve a kind of perpetual motion, which, 
bec^aus e its e xistence is denied by th e Second Jjajw,js_callcd_pcrp^al 
motion of the second kind 

In the light of this analysis, another statement of the Second Law 
given by Planck takes on considerable significance His statement is 
as follow’s “It IS impossible to construct an engine which will work in a 
complete c>cle, and produce no effect other than the raising of a weight 
and the cooling of a heat resen om ’’ The reason for the stated irnpossi 
bility of building such an engine is that it docs not provide for a lower 
temperature to ivhich the heat can flow If such an engine were possible, 
it also would achieve perpetual motion of the second kind, because 
Planck specifies no parUcular temperature for the heat reservoir He 
says simply that it is impossible to transform a quantity of heat wholly 
into an equivalent quantity of mechanical work This demes the possi- 
bdity of using low temperature heat as an energy source jast as cflcctncly 
as does the statement of Clausius By Planck’s statement low -tempera 
ture heat can be used as an energy source ordy when a yet lower natu- 
rally occurring temperature is available to which the heat can flow 
Since the temperature of the earth, the seas, and the atmosphere is 
always, at a given place, the lowest naturally occurring temperature, no 
heat can flow from these sources and hence no energy transformation 
into work can occur 

The essentia] point about the Second Law is that it is concerned with 
the peculiar properties of heat, whereas the First Law deals with the 
equivalence of all forms of energy Thus it is that the Second Law has 
no counterpart in mechanics but is encountered for the first time in 
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thermodynamics. It as of fundamental importance because heat is the 
ultimate source of energy for every known process for the development of 
mechanical power. Moreover, not only is it true that heat can pass from 
a higher temperature to a lower; everyday experience shows us that it 
does so at every opportunity. And once it reaches the natural tempera- 
ture of the surroundings, all possibility of transforming any part of it into 
work is forever gone. It has become a degraded sort of energy which, 
whether we like it or not, must be considered as having been thrown on 
the waste heap of the universe. 

There is only one way in which the engineer can even partially cir- 
cumvent this constant degradation of heat energy. He can and should 
take every measure possible to insure that whenever heat flows it does so only in 
the most efficient cycle for its transformation into work that is possible under dhe 
circumstances. When this is not done, there is an irretrievable waste, not 
of energy but of transformable energy. An extreme example of this 
waste is given by the ordinary hot-air furnace, commonly used for heat- 
ing houses. In the firebox of such a furnace, the heat of combustion of 
the fuel raises the temperature of the gases to about 2500° F. But the 
householder certainly has no use for them at that temperature! He 
simply wants his house to be comfortably warm at about 70° F. The 
energy is therefore permitted to slide down the temperature gradient 
without the transformation of any part of it into work. Not only that, 
but once at 70° F, the possibility of ever being able to transform any part 
of that particular quantity of heat is gone. As long ago as the middle 
of the last century Lord Kelvin clearly saw the enormous wastefulness of 
this process and suggested that houses might be much more efficiently 
heated by a modified reversed Carnot cycle. No practical application 
of his idea was made until a few years ago, when an extensive research 
investigation of the idea was begun at the Mellon Institute in Pittsburgh. 
It is well within the realm of possibility that the results of this research 
may lead to a change in the methods of house heating no less revolu- 
tionary than the change in transportation methods brought about by the 
development of the automobile. 

Entropy 

In the discussion of the Carnot cycle it was found to be a decideii 
convenience and help to study the work done during the several changes 
in terms of the areas under the curves on the pV diagram. In order to 
establish clearly the amount of heat that is transformed into work in 
any particular process or cycle, it is evident that it would be similarly 
helpful to be able to represent heat quantities in terms of area on some 
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coordinate sj’stem The graphic representation of work depends on the 
fact that the dimensions of work are easily idcnufied ivith the elementary 
coordinates p and V But the defimtion of unit heat quanUty (Btu or 
calone) involves only me elementary coordinate, temperature There 
fore, if heat is to be represented graphically as an area, another quantity 
must be determined of such nature that its product \vith temperature 
has the dimensions of heat The need for such a quantity was clearly seen 
early m the history of thermodynamics, and to supply that need a 
coordinate called entropy was arbitrarily defined, or invented Entropy 
of heat energy, designated by S, ts defined as the quotient of heat quantity divided 
the absolute temperature On the basis of the simplVt kind of anthm cuc. 
the product of entropy multiplied by absolute temperature roust be 
heat quantity The definition therefore gives the single aniTuniqQe 
quantity that satisfies the requirement of being the second factor of heat 
There are a number of important physical quantiUcs that are the product 
of two factors, one of which may be called intensive, the other extensive 
The intensive factor denotes the intensity of the quantity acting, the 
extensive factor gives the extent to which it acts Thus, mcchamcal work 
is the product of force times distance, in which force is the intensive 
factor, and distance the extensive factor In the product for the work 
done by an expanding medium, i e , SpdV, pressure is the intensive 
factor, and the change in v-olume the extensive factor In electricity, it is 
shown that work is equal to electromotive force times quanUty of 
electricity Here electromotive force is the intensive factor, and elec- 
trical quanUty the extensive factor From these illustrations it becomes 
clear that temperature has the nature of an intensive factor Since the 
product of temperature and entropy gives heat, it follows that entrop y 
ma y be defined a s th e extensive factor of heat energy^ Of course, in a sense, 
e ntropy differs from the extensive factors cited aT^amples in that it is a n 
arbitrary invente d qua nt ity an d not_a physical one It is abstract, not 
concrete IrTrio^vay, however, does this disability impair its great use 
fulness in the consideration and solution of problems concerned uith 
heat energy 

The subject of entropy has long been a source of difficulty for the 
beginning student m thermodynamics The difficulty has arisen because 
somewhere in every discussion of the subject there must come a shift m 
the point of viciv ivith ivhich entropy is regarded Unless this shift is 
clearly pointed out, the student is apt to miss it and from that moment 
subsequent discussion only confuses him more and more In order to 
avoid this difficulty, uc propose to point out definitely what the shift H 
and hy it is necessary In the preceding paragraph entropy u as defined 
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as the extensive factor of heat energy. As the student learns this defini- 
tion he must keep clearly in mind that heat is always energy in transition. 
Consequently, he must not think of a quantity of heat as a static chunk 
of energy bounded on one side by temperature and on the other by 
entropy. Like many other physical quantities, heat is detected only by 
the effect it produces after it has flowed. For example, we measure the 
temperature change of a medium resulting from the addition of heat 
and from such measurement learn something about the quantity of 
heat that produced the change. So it is with entropy. We are able to 
determine the entropy of a quantity of heat only from the effect the 
heat flow produces on a medium. Since entropy is a factor of heat, whenever 
heat flows there is always an entropy change of the medium involved. When the 
flow is reversible the entropy change produced in the medium equals the 
entropy of the heat delivered to or withdrawn from the medium. The 
necessity for stipulating reversibility as a requisite for the equality will 
be discussed later. For the present it is enough to say that for reversible 
processes we are able to determine the entropy of heat by reference to 
the medium to or from which it flows. It is the shift from the definition 
of entropy as a factor of heat to its measurement in terms of the change 
produced in a medium that has in the past been a source of trouble to 
the student. 

It is an easy matter to determine the entropy of heat that flows 
reversibly and isothermally. The quantity of heat \Qj2. that flows under 
such conditions may be computed from the mass of the medium, the 

ratios or , and the pressure or volume change of the medium 

resulting from the flow. Since the flow is reversible the entropy of the 
medium is changed by the amount of the entropy of the heat that flows. 
Also, since we are considering an isothermal process, the temperature 
remains constant during the flow of heat. Then, by definition, the en- 
tropy of the heat quantity \Qji is given by i? = units of entropy;* 

this value is the entropy change of the medium to or from which the heat 
flowed. 

Because absolute temperature is always plus in sign, the algebraic 
sign of lQJ^ governs the sign of the entropy change of a medium. If heat 
flows into a medium, 1(^2 is plus and so is AS; if heat leaves the medium, 

^ . . . ... units of heat _ 

♦By definition, the units of entropy arc — : Hence m the 

' units of absolute temperature 

British system of imits, entropy is expressed in terms of Btu per degrees R. No specific name 
has ever been accepted for units of entropy. 
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i)2j and Ai* are both negative From the point of wew of the entrop) of 
energy itself, the sign of S is always plus because an) quanta) of heat 
must have a certain positive dimension of entropy Hence, \anation 
in the algebraic sign of entropy has meaning only m reference to the 
entropy chan^f of the medium to or from which heat flovw 
Example 

At a pressure of 165 Jb per sq m abs water evaporates at a constant tempera 
turc of 366“ F The latent heat of evaporation under these conditions is 857 Btu 
per lb Determine the entropy change of 3 lb of water rcsulung from its re- 
versible evaporation at this pressure and temperature 

Solution 

The entropy change of the medium is given by 



The heat added iQ^ is the latent heat per pound Umes the number of 
pounds imolved i c 

iQ, = 3 X 857 Btu 

The constant absolute temperature T is 
366 + 460 = 826“ R 

Then A5 = -gjg - ”4-311 Btu/“ R 

Since the process is reversible this value of AS is also the entropy S of the 
3 X 857 Btu 

The expression of entropy as suffers the hmitation that it is 

applicable only to reversible isothermal processes Only m such processes 
does the temperature remain constant Hotvever, the entropy change 
for reversible non isothermal processes may be determined by use of the 
calculus Suppose that, at any point m the change the flow of heat is 
taken to be so small that the temperature may be considered to remain 


constant 


Then m the limit 


r 


in which 5Q, represents an infinitely small quantity of heat But from 
the point of view of the medium the amount of heat that flows may be 
evaluated by 

iQi ” Afc(lt — /i) 
which in this case becomes 
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This differential expression depends only on temperature; therefore 
if we assume that the specific heat c remains constant, it may be inte- 
grated at once. When expressed as an indefinite integral the result is 
the absolute entropy of the medium, i.e. 

S = ^ Mclog.T + C 

when c is taken to be constant. In order to evaluate the constant C, 
the value of S at the boundary condition of absolute zero of temperature 
must be known. Although there is some evidence for the determination 
of this boundary value, it need not be considered here. For practical 
purposes, all that is necessary is knowledge of the entropy change AS oi a. 
medium resulting from the reversible flow of a certain quantity of heat. 

The value of AS is given directly by the definite integral of Mc^ 

between the limits established by the absolute temperatures of the 
medium at the beginning and end of the process, T\ and respectively. 

M = 5-2 _ = j^^Mc ^ = Me y = Me loge 

If the specific heat c is variable, the integral for 45 may still be evaluated, 
although not as simply, by expressing c as a f(i). 

Example 

Twelve lb of water are heated reversibly from 60° F to 1 90° F. If the specific 
heat of water is taken as 1.0, what is the resulting change in entropy of the 
water? 


Solution 

Since the temperature, changes during the addition of heat, it is necessary 
to integrate ^ to obtain the change in entropy. 


AS 


= 5*2 - = r 

Jiei 


' 460+190 

Mcy = 12 X 1 


X 


^460 + 60 ^ J520 

= 12 X 1 X log. 1.25 = 12 X 1 X 0.2235 
= 2.68 units of entropy 


650 

^ = 12X1 XIog.— 


The fact that the differential expression d’or entropy change may be 
integrated without knowledge of the way the change is effected indicates 
that entropy is a point function. Therefore, Values of entropy change 
may be and are tabulated in terms of the coordinates for each of the 
thermodynamic media used in industry. Because entropy of a medium 
is determined by its state as defined by its thermodynamic coordinates, 
it may itself be used as a coordinate. In Chapter 1 it was stated that any 
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hvo of the coordinates py Vy and T suffice to fix the state of a medium 
That statement may now be enlarged to say that knowledge of any t\%o 
of the quantities pyVyTy and S is enough to determine the state There 
fore, a diagram of which T and S arc the coordinate axes may be set up, 
a point on this diagram defines the state of a medium just as surely as 
does a state point on the pf' diagram 
As an illustration of the way in which the temperature-entropy (r>S) 
diagram may be used, let the processes of the Carnot cycle be repre- 
sented on it (Fig 3-6) The reversible isothermal expansion at the 
higher temperature Ti is shown by 1-2 Since heat is added on this 



Fic 5-6 Camoi Cjele— TS Plane. 

change, the entropy of the medium increases, and by the definition of 
entropy, the area under 1-2 is a quantitative measure of the amount of 
heat added The next change of the cycle is the reversible adiabatic 
expansion The entire absence of any heat floiv on this change requires 
that the line representing the change on the TS diagram shall not have 
any area under it Thus the adiabatic expansion to Tj must be repre- 
sented by the vertical line 2-3 From the diagram, this line evidently 
Ttpresento a tViangt at a constant entropy It foUows that a revctevWe 
adiabatic change is also iscntropic, j c , at constant entropy The line 
3-4 represents the reversible isothermal compression at the lower tem- 
perature Tt, dunng svhich unavailable heat is rejected from the system 
Since entropy is a factor of heat, the departure of heat from the system 
means that the entrop> of the system must decrease as shown The area 
under ^-4 is a grapluc representation of the amount of heat rejected 
The reversible adiabatic compression 4-1 then restores the medium to 
Its mitial state without change of entropy 
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The first of several things to be learned from Fig. 3-6 is that the 
entropy change of the ^stem resulting from the addition of heat is exactly 
equal and opposite in sense to that accompanying the rejection of heat. 
Therefore, the net entropy change for the entire reversible cycle is zero. 



The same result would have been obtained even though there had 
been a change in temperature during either the addition or the rejection 
of heat, provided the cycle remained reversible (Fig. 3-7). Such a 
condition would require the use of the differential expression for change 
m miropy, i.e. 


The limits for the integration of dS over the path AmB representing 
addition of heat are Tb and Ta- For integration over BnA the limits are 
Ta and Tb. Hence the integral of dS over the closed path AmBnA is 
identically equal to zero. Thus 




McdT 
rs T 


- Mc(log.y^ + logcy^^ 


Note: The sign ^ means that the integral is to be taken over the complete 
closed path from to J5 and back to A. 


From this analysis it follows that it makes no difference through \vhat 
series of changes a medium may go in a closed cyclical process; entropy 
at the end of the cycle is the same as it was at the beginning. Conse- 
quently, entropy of a medium is determined by the coordinates of the 
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state of the medium and not at ali by the path by whiclt u achieved that 
state This demonstrates again that enlropy ts a point Juruiion 

It IS to be noted carefully that it is only for r^ersiblc cycles that the 
entropy change of the medium resulting from heat addition is equal 
and opposite to the entropy change of heat rejection It is not true Jor 
irreversible cyeles The conclusion is then readily drai\Tn that the degree 
to which a cycle is irreversible is determined by the amount of the 
inequality of the entropy changes accompanying the addition and rejec- 
tion of heat respectively This is the reason behind the frequently 
encountered expression, “Entropy is the measure of irreversibility” 
This statement is meamngful only when considered m the light of a dis- 
cussion such as the present one The possibility of confusion if it is 
interpreted otherwise comes from the fact that any Jlow of heal results in a 
change in entropy For example, if heat is added to a sy'stcm iso thermally 
and reversibly there is certainly an increase in the entropy of the system 
But It weis stated that the process was reversible Therefore it is silly 
to say that m such i process increase in entropy is a measure of irre- 
versibility The point is that, in a cyclical process, it is the ine^ality 
between entropy changes resulting from the addition and rejection of 
heat respectively that tells us a cycle is irreversible and by how much 
The second point of interest in connection with Fig 3-6 is that the 
enclosed area I-2-3-4 on the TS diagram represents the diflercncc 
between the heat supplied and that rejected It must therefore be 
exactly equivalent to the net work done by the cycle Consequently, 
with proper allowance for conversion and scale factors, it is equivalent 
to the area enclosed by the curves of the cy clc on the pV diagram The 
TS and pV diagrams studied together give a ready means of gaining a 
real understanding of what happens with respect to energy transforma- 
tion for each change in the Carnot cycle 
Third, an adaptation of Fig 3-6 yields the answer to the exceedingly 
important quesuon Since heat may be represented by area on the TS 
diagram, is the converse alway’s true, le, does area on the diagram 
always represent hcat^ The answer to this question is an emphatic jVof 
Fig 3-8 ts a reproduction of Fig 3-6, except that the adnbatic expan 
Sion IS irreversible instead of reversible The dotted line is not to be con- 
sidered as the path over which the change takes place, became the exact 
path of an irreversible process cannot be determined Su/Iicc it to say 
that the dotted line shows that the medium undergoes an adiabatic 
change of state from state 2 to state 3' for which the functional relation 
between T and S is not known The irreversibility of the change 2-3' 
implies diat turbulence and internal fricuon occur within the medium 
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as the change takes place. Because of these friction effects, at any given 
instant there are points within the medium at different temperatures. 
This results in a flow of energy as heat from one point to another within 
the medium. Although this flow of heat is unknown in amount, it is 
irreversible heat flow and results in a definite increase in entropy. 



Fig. 3-8. Entropy Increase ^vith Irreversible 
Adiabatic Expansion— T5 Diagram. 

Consequently, for the whole irreversible change, the entropy of the 
system increases from 3 to 3'. It cannot be said that the area under 2-3' repre- 
sents heaty because, first, the fact that the process is adiabatic means 
that there is no heat flow to or from the surroundings, and second, it is 
impossible to know the exact path of the change and so it is absurd 
to talk about the area under it. Therefore, area ow a TS diagram represents 
heat quantity only for reversible changes. 

Finally, Fig. 3-8 shows beyond question that the presence of an irre- 
versible change in a cycle inevitably leads to decreased efficiency in the 
transformation of heat into work. The area under line 1-2 represents, as 
before, the heat added to the system. But in order to complete the cycle 
reversible isothermal compression must now be started at point 3' 
instead of 3, and so the heat rejected is represented by the area under 
3'-4. This area is greater than that under 3-4 by the area 3 3' nm. 
Hence, in the irreversible cycle, the heat that may be transformed into 
work is less than that transformed in the reversible cycle by the amount 
represented by 3 3' nm. 
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Summoty of tlie Properties of Entropy 

1 Entrop) IS the cxtensn'c factor of heat energy For a revtrsible 
process, \Nhen change of entrop> of a medium is multiplied b> absolute 
temperature, the product is the heat quantity that flow's durmg the 
change 

2 Entropy is a point function In any reversible pnxess, change m 
entropy depends only upon the iniual and final state pomts of the me- 
dium For a reversible isothermal change 



For all other reversible changes except adiabatic 

M ~ ^ = il/clog.^ 

3 Entropy may be used as a thermodymamic coordinate It was 
established that entropy is determined by the state bf a medium It may 
therefore in its turn he used to identify the state 

4 Entropy of the medium changes whenever heat flows and the 
algebraic sign of the entropy change is the same as that of the hcaL This 

comes from the fact that in the expression dS »= T denotes absolute 
temperature which is always positive 

5 Entropy of a medium may be considered as a property of that 
medium as well as a dimension of energy This is a consequence of the 
fact that entropy is determined by the coordinates of the state of the 
medium 

6 The entropy change of a system of several bodies is obtained by 
the algebraic addition of the entropy changes of the - mcnl bodies 
The reason behind this stateirtent is that entropy may be considered as 
much a property of the medium as its mass Just as the mass of a system 
IS the sum of the masses of its component parts, so is the entropy change 
of a system the algebraic sum of the entropy changes of its components 

7 Relative values of entropy are ahrays used Integration of the 

expression ^ ~ as an indcfimtc integral to obtain the absolute 

value of S involves an additive constant, the v'aluc of which is indctcr- 
nunate. Therefore, for pracucal purposes, entropy is reckoned to an 
arbitrary datum established by some standard state. In the steam tables, 
for example, the entropy at 32" F is taken as zero, and the tabulated 
values represent the entropy above this datum. 



Availability of Heat Energy 77 

Use of Entropy 

Knowledge of the entropy of a quantity of heat makes it possible to compute 
the fraction of that heat that may be transformed into work in a reversible cycle. 
The way in which this is done may 
first be illustrated by reference to 
the Carnot cycle. 

The equation that defines Car- 
not efficiency is 


W cyclo 
J 


^Carnot 


= Qa ~ Qfi _ h "1 




Ti 

= 1 -^ 
Ti 



Fig. 3-9. Camot Cycle— Representation of 
Heat Quantities on the TS Diagram. 


In terms of the nomenclature used 
in Fig. 3-9, this becomes 

— Qj 5 Qjt _ ^8 Tr 

VCarnot T 

= 1-^ 

Ts 

The heat added to the cycle, 
is represented on the diagram by 
the area 1-2-5-6. The heat re- 
jected to the refrigerator, Qrj is 
represented by the area 3-4-6-5. 

Since Qjt cannot be transformed into work in this particular cycle it is 
called the unavailable part of the heat supplied. 

The area 1-2-3-4, which is the difference between the areas repre- 
senting and Q^, represents the heat transformed into work, 
Since is the maximum amount of heat that can be transformed into 
work by any cycle operating between Ts and it is called the 
available part of the heat supplied, or referred to simply as the available 
energy. 

From the efficiency equation 

Qa = (is’/carnot = (2^ ^1 ““ ^ X 

But Qa is also given by 

Q^a = Qa Qa 


Hence = 0^ 


Ts 


X Tn 




So 
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purposes it may be considered as totally unavailable Hence the uord 
“lost” may be interpreted as meaning “unavailable” Mechanical 
energy is likewise degraded and “lost” by being transformed into heat 
as the result of turbulence and internal fluid fncuon within the medium 
itself Because both external and internal frictional cfTccts involve 
degradauon of mcchamcal energy, they are respectively termed the 
causes of external and internal mechanical trreveriibtltty They are both 
mimmized by gmng attention to matters of design so that the lowest 
possible amount of high grade, 100%, available mechanical energy of 
zero entropy will be transformed into low-grade, virtually unavailable 
heat energy The reduction of external mechanical irreversibility is the 
object of modern highly specialized studies m lubncation and in the 
design of anti fnction bearings Internal mechanical irreversibility 
IS dimimshed by reducing turbulence in the flow of the medium This 
IS accomplished by streamlming the passages through which the medium 
flows and by machimng and even polislung the metal with which it 
comes m contact 

The computation of the loss of availability in both externally and 
internally mcchamcally irreversible processes is effected by obtaimng the 
difference between the input and output of mechanical energy This 
difference represents the energy transformed into heat Its entropy 
IS readily obtained by determining the entropy change of the medium 
to which It passes Since the meclianical energy transformed was t00% 
available, it was of zero entropy Therefore the entropy of the resulting 
heat represents the entropy increase caused by the irreversible process 
Its product with the lowest available absolute temperature yields the 
amount of energy uretricvably wasted 

The second physical influence which causes irreversibility is not as 
obv^ous as the first, yet the fact that it is not so self-evident enhances its 
importance In the preceding discussion the point was stressed that it 
was the transformation of high grade mechanical energy into low 
grade heat energy that constituted the irreversible and undesirable 
feature of fnction. In conformity with the Second Law, all transmission 
of heat energy is from hot to cold and hence is inherently irreversible 
It IS only by setting up the abstract ideal of a rcvcniblc isothermal proc 
css that we can even imagine reversible heat transfer So ic is that the 
second ty'pe of irrev crsibihty is thermal in character, for it has to do vvith 
heat transfer Like mechanical inevenibility, it may be classified as 
iniemal or external thermal irreiersibility 

Internal thermal irreversibility is exemplified by the mixing of two 
fluids initially at different temperatures, a process common enough in 
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calorimetry. Heat flows from the hotter to the colder of the two fluids 
until an equilibrium temperature is reached. Certainly the process is 
irreversible, for it is inconceivable that by an infinitesimal change of 
any coordinate the mixture could be caused to separate into its com- 
ponents, with each at its initial temperature. There is just as much 
energy in the mixture as there was in its two components, but because 
of the mixing, it is decidedly less available than it was before. The 
method of quantitatively determining the amount of the increase in 
unavailability is illustrated by the following example. 

Example 

If 10 lb of air at 3000° R are mixed at constant atmospheric pressure with 
30 lb of air at 800° R, what is the change in entropy resulting from the mixing 
process? Also what is the change in availability, with respect to a refrigerator 
at 40° F, of the heat energy imparted to the mixture by the hot air? 

Solution 

The temperature resulting from the mixing may be determined by the 
method of mixtures, 0.24 being used as the specific heat of air at constant pres- 
sure. 'Thus 

10 X 0.24 X (3000 - r) = 30 X 0.24 X (T - 800) 

T = 1350° R 

The amount of heat that leaves the hot air is wholly absorbed by the cold air; 
hence the total heat quantity transferred is 

10 X 0.24 X (3000 - 1350) = 3960 Btu 

If this quantity of heat had been withdrawn from the hot air reversibly, its 
entropy would have been 

10 X 0.24 logc = 1.916 units of entropy 

Now let us compute the entropy of the same quantity of heat yielded by the 
hot air if it is withdrawn reversibly yrom the mixture. This withdrawal would 
result in a reduction in the temperature of the mixture to a value that may be 
computed as follows 

3960 = 40 X 0.24(1350 - Ti) 

Ti = 937.5° R 

The entropy of the 3960 Btu when withdrawn from the mixture is therefore 

40 X 0.24 log, ^ = 40 X 0.24 X 0.365 

= 3.504 units of entropy 

When this value is compared with the entropy for the same amount of heat 
energy when supplied by the hot air, it appears that the mixing process has 
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resulted m an increase m entropy of 1 588 Hence the increase m unavadahiluj 
of energy with respect to a 40® F refrigerator is 

1 588 X 500 = 794 m 

or about 20% of the total amount of energy in question ! 

Probably the most important of all types of irreversibility is that 
encountered when heat is added to a medium from an externa! source 
Inasmuch as it is only by combustion that we can release the chemical 
energy stored in natural resources, the temperature at which heat first 
manifests itself must inevitably be that of combustion In many cases, 
however, it is not possible to provide a medium capable of absorbing the 
heat at anything like that temperature Consequently, the heat flows 
down a considerable temperature gradient before it is delivered to the 
medium, with a resulting increase in entropy hnd loss in availability 
The question immediately arises Is this effect great enough to be sig- 
nificant^ The answer is given by comparative entropy computations 
as illustrated in the following example 

Example 

At a pressure of 120 lb per sq in , the vvarmmg of water from 32® F to the 
boiling temperature and subsequent complete evaporation requires lI90Btu 
per Ib At this pressure the boiling point of water i* 341® F The combustion 
of the fuel maintains a temperature of 2800® F in the firebox of the boiler 

(a) Compute, as the heat leaves the firebox, the entropy of the energy 
required to warm and evaporate 1 Ib of water at the designated pressure. 

(b) Compute the entropy of the same quantity of heat if it were withdrawn 
reversibly from the steam 

(c) \\^at IS the amount of the decrease m availability (40® F receiver) of 
the heat supplied per pound of steam by reason of the irrevcniblc heat trans- 
mission’ 


Solution 

The 1190 Btu required to warm and evaporate I lb of water is at a tem- 
perature of 2800® F as It leaves the fire I ts temperature is reduced to a ma»- 
mum of 341® F by its passage through the walls of the boiler tubes and tts addi- 
tion to the water Clearly such a process is highly irreversible By no means 
except by the expenditure of a great deal of work can it be conceived that the 
heat after transnussion could be made to return to its onginal high temperature 
of 2800® F , „ „ , 

(a) The heat required to warm and evaporate I lb of r ” 

leaves the fire isothermally at a temperature of 2800® F = 3260 K Therefore 
the entropy of this amount of energy is given by 


*22 = 1122 

T 3260 


0 365 
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(b) The next question involves the entropy increase of the water as a result 
of the addition of the heat to it. This is equal to the entropy of the same amount 
of heat if ^\dthd^a^vn reversibly from ^vater. Since the temperature changes 
during the warming from 32® F tor^ boiling point, the entropy change of 
the wanning is given by the foi^miild 



= Me loge'^ 
^ ^ 1 


warming 


V 


^ ^ 32 + 460 . i 

4M(^68461 6,19848 = 0.48613 \ \ 

he evaporati^ of the^aten takes pl^e isothermally,^^^^^emperaWe m 
801® R, and^e latent ^heat evaporation at the desj^a^ pres^r^fs^7.4 
Btu per Ib^s^ence the entropy change for evaporationas>given 

.A , /k_p = ^/^ 1 095 ' 

V ^.^^^vaporatlo^- 

^^erefore the the en^py change^f warming)4n^evaporation is 

^Vanning + ^Wporatlon = ^=(^^5 +;;^^13 = 1.58113 

From this^^ipiysis it appears thaotlQS^90 Btu has^ entropy of 0.365 when it 
leaves the and an entrop>V^’^Iooll3 after it enters the medium. 

(c) No<Vi suppose that tlB B^t were to be used in each of these two cases in 
a reverstblrcycle, of which tms receiver or cold body is at a temperature of 40® F. 

If the heat could^fa^ been used at the high firebox temperature, the unavail- 
able energy would ftaVe been 

500 X 0.365 = 182.5 Btu per 1190 Btu supplied 

On the otlier hand, the heat actually is used in a cycle in which steam is the 
medium. If, for the sake of comparison, this cycle is considered reversible and 
as having a condenser at a temperature of 40® F, the unavailability is 

Q,unavauabie - TrAs - 500 X 1.58113 = 790.6 Btu per 1190 Btu supplied 

Hence, because of the inability of water to absorb heat at the high temperature 
of the firebox, the resulting irreversible heat transmission has caused a decrease 
in availability amounting to 790.6 — 182.5 = 608.1 Btu per 1190 Btu, or per 
pound of steam used. 


Use of Point Functions in Evaluating 1Q2 and iV/a 

The study of entropy and its use reveals that under certain well-defined 
limiting conditions entropy, a point function, may be profitably used in 
the evaluation of heat, a path function. A prime objective of thermo- 
dynamics is the evaluation of 1^2 and 1I+2 for all kinds of state changes. 
Both of these quantities have been shown to be path functions. However, 
if point functions can be found which, for certain commonly encountered 
types of change, can be related to either iQy or 1PK2, a considerable 
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increase m the facility of evaluating these quanuties be achic\*ed 
It must be kept clearly in mind that any point function can be related to 
either or ordy for one certain t>T>e of change If a relationship 
could be established for more than one type of change it i\*ould mean 
that iQj or iirj was equal to the point function over two different 
paths This ivould be proof that and iWx were independent of 
path and were point functions thcmscl%cs, which they most definitely 
arc not’ 

Tux> point functions which arc useful in the cialuauon of iQ* and ilfft 
have already been studied, i e > intrinsic energy and enthalpy There 
arc two others, maximum ^vork and free energy, which arc no less useful 
Their definition and the discussion of their significance and use must 
wait, however, until the use of intrinsic crieigy and enthalpy in the 
present connection has been described 

First, consider a non flow constant-volume change. No work is done 
on such a change, for dV is zero and so “ 0 Therefore the Non- 
Flow Energy Equation becomes 

- £i + = E, ~ in ft-lb 

In this case the heat added to or withdrawn from the medium is equiva- 
lent to the change in intrinsic encigy Since the latter is a point function, 
values for it may either be found in tables or be determined from knowl- 
edge of the coordinates of the initial and final state points T tt any non- 
pivo consiant'ielume change, then, the heat Jlow to or /rom the medium ts mraf- 
ured by the simple difference between the values oj tnlnnsic energy Jot stale 2 and 
state 1 

The Non-Flow Energy Elquation for a reversible adiabatic change 
also reduces to two terms, one a point and the other a path function, as 
folloivs 

For a reversible adiadatic change iQ* — 0 
So 0 = (El ^ El) + tWx 

or = - (£j - £i) = £i - £> 

Consequently, the work done on a non-Jlotv reversible adiabatic change ts measured 
by the negative dtjffToice between the values oJ intrinsic energy Jar state 2 and 
stale 1 

It has already been suggested (see abos’c) that the point-function 
cnthalpj may be conveniently used m the evaluation of either if^i or 
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iWs over a particular path. In order to see what can be done in this 
direction, let the equation defining H be difierentiated, i.e. 




For comparison, also differentiate the Non-Flow Energy Equation 


or 


J(l=E+J pdV 
J^d^dE + pdV 
hd = dE in heat units 


( 2 ) 


By substituting this value for its equal in Equation (1) we have 

dH = h(l + ^ 

or, when the definite integral is taken 

- Hi = 1(^2 + rvdp 

Jvi 

Hence, in non-flow processes the change in H between two states is equal 

J fpt 

I Vdp. It is evident that 

pi 

SVdp = 0 when = 0, a condition which characterizes a constant- 
pressure change. Therefore^ the difference between the tabulated values of H 
for two different states measures the heat flow to or from the medium, if the change is 
non-flow and is made at constant pressure. 

The great usefulness of the enthalpy function in determining \Q^ or 
\W^ in certain flow processes has already been described (pages 32-36) 
in examples illustrative of the application of the General Energy Equa- 
tion. The enthalpy function is also widely used in chemistry to denote 
the heat of a chemical reaction. When used in this connection, the intrinsic 
energy factor in the definition of enthalpy must be taken to include both 
atomic and molecular energy, i.e., the sum of the terms C + J? as used in this 
book. This difference in nomenclature between engineering and chemi- 
cal thermodynamics is apt to be confusing. It arises because chemistry 
is concerned with heat resulting from the reaction of two or more media. 
On the other hand, until the comparatively recent detailed thermody- 
namic study of internal combustion engines, engineering processes and 
cycles have been concerned with the properties of only one medium. 

The two other point functions that have been found useful in deter- 
mining \Qji and iWn for certain changes are maximum work (ITniMc) and 
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Jree energjf {F) Free cncr^, moreo% er, his special application in chemi* 
cal thcrmod>-namics, for knowledge of us \alue « extremelj useful m 
determining the conditions for the equilibrium of a chemical s) 3 tem 
The defimtion of the function f( is given b> the equation 

ir»« ^ E-TS 

In this definition E is to be considered as including both chemical energy 
C and molecular energy £", m accordance with the convenUon used^by 
chemists Its ph>-sical significance is best appreciated by differentiation 
of the equation and by the phj-sical identification of each of the resulung 
components, thus 

= d£ “ TdS ~ SdT 

If the process is isotliermal, the negative term SdT becomes zero 
Further, if the process is also reversible, TdS = 8(J* 

Then <ffl ~ dE ^ 5(1 

or 5(1^ dE- 

As vvntten thus, the equation is in heat units If — u taken as 

equal to + the equation then reduces to the Non Flow Energy 

Equation expressed m heat units As it stands, it was demed from the 
IFttM function for a reversible isothermal change From stud) of the 
Carnot c)cle, a maximum amount of work is done when heat is added to 
a medium isoihermall) and reversibly Therefore the name of the func* 
tion Ilrou IS justified 

It IS profitable to consider further the significance of taking — 
equal to + The function is taken to mean that any substance 

in any particular state possesses a maximum capacity to do work as it 
passes to some other state This must not be confused with the mtnnsic 
energy of the substance, because, by definition, includes energy 

over and above mtnnsic energy As the substance changes state re 
vcrsibly and isothermally^ the external effect produced is equal in 
amount and opposite in sign to the change m the values of If*** for 
the imtial and final states For example, on an expansion, ilVt is posi- 
tive The change m If must be negative because after the expansion 
the medium has less capacity for doing work 

Since at any giv cn state point there can be but onr rahe for the maximum 
ability of a substance or system to do work, ts a point function 

* Thu equation may be called the maihematical expression of the Second Law 
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As such, the difference between its values at two state points measures 
and is the negative of 1 W 2 for a reversible isothermal change. 

If a system undergoes an irreversible change of state, the negative of 
the change in the maximum work function is no longer equal to 
the external work done. The actual change in the function is the same 
as before, but the irreversibility of the process prevents the realization of 
AIFmax as external work. 

The significance of T^max and its relationship to a reversible process 
may seem abstract to the student, inasmuch as all natural processes 
are irreversible rather than reversible. It is, 
however, in the field of electrochemistry that 
an approximate approach to a reversible process 
can be made. Fig. 3-11 shows a schematic 
arrangement of an electrochemical cell with a 
motor in the external circuit. Let the ceil be 
placed in a thermostat in order to keep the tem- 
perature constant. If R is the resistance of the 
external circuit and i the current flowing, heat is 
evolved at the rate of Ri^ and work is done on 
the motor at the rate of Si — RP, where S is the 
emf of the cell. As i is reduced in magnitude, 
the second term approaches zero more rapidly 
than the first, and the circuit becomes reversible 
in the measure that RP approaches zero. Sup- 
pose that the current flowing is reduced to such 
a point as to make the cell approximately re- 
versible. Then ^he amount of electrical work 
done by the motor measures the isothermal re- 
versible work obtained from the electrochemical 
reaction in the cell, provided there is no volume change because of the reac- 
tion. Under these conditions, the amount of work done by the motor 
is equivalent to the decrease of the function for the system. If 

the elements of the cell are permitted to react irreversibly in a beaker, 
the change in the IFmax function will be the same as it is when the reac- 
tion takes place in the reversible cell. The external work done, however, 
is zero if there is no difference between the volume of the reactants and 
the products of the reaction. The conclusion is that any change in a 
system results in a definite single-valued change in the fFmax function. 
The energy represented by the change in PFmax is actually realized as 
external work 1 W 2 to the degree that the change of state approaches a 
reversible isothermal process. 



Pic. S-11. Schematic Ar- 
rangement of an Electro- 
chemical Cell with Motor 
in External Circuit. 

Total resistance of cir- 
cuit =iZ. 

Heat evolved in over- 
coming resistance = i2/2. 
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Free energy, the fourth point function of those that ma) be related 
to or ,ir,, IS an extension of the function An>'one who has had 
any expcncnce in chemistry mil realize that chemical reactions arc 
generally accompanied by changes m volume There may be evolution 
of gas as a result of the reaction or, if the reactants arc solutions, there 
may be appreciable changes m the \olume of liquid involved Since 
chemical reactions arc usually earned on at constant atmosphcnc 
pressure, some of the energy derived from the reaction must be utilized 
to provide space for the volume change against the pressure acting It 
was Willard Gibbs who first saw the necessity for considering this amount 
of energy m the determination of the maximum work actually to be 
derived from any chemical change With reference to the rcvcniblc 
electrochemical cell discussed in connection with the function, 
free energy may be defined as the maximum amount of external work deliiy 
ered by the motor But some external work has to be done at the cell itself 
in order to provide the space necessary for the change to go on Both 

the work per second, Ci, of the motor and the work, to provide 

space were done at the expense of the maximum work content of the 
system Consequently, while indicates the maximum wxirk con-* 
tent of a system, the full value of its change is -not realizable as useful 
external work even m a reversible isothermal process if a lolurrte change 
accompanies that process Hence the difference between Wmu and free 
energy F is the amount of work that has to be done in order to provide 
space for the products of reaction Account is taken of this difference 
by defining free energy by the equation 

F= E - TS + ^ 


Free energy is a point function, for its definition shows that it is the 
algebraic sum of intrinsic energy, a point function, TS, the product of 
two coordinates, and pF, the product of two other coordinates Its 
value, therefore, may be umquely determined from knowledge of the 
coordiostas Cif the state of a systeta The hrojhnff conditions under 
which “ AF measures external w-ork arc as follows 

1 The change must be reversible 

2 The change must be earned out under isothermal conditions. 

3 The change must also be earned out at constant pressure 

The necessity for these conditions may be seen by differentiating the 
equation 
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Thus 

dF = dE- TdS - SdT + ^ 4-^ 

J ^ J 

If the change is isothermal, SdT vanishes. If it is at constant pressure, 
Vdp likewise vanishes. Finally, if the change is reversible, it is possible 
to substitute 6Q, TdS, There results 

dF = dE - 8(1 + ^ 

In the discussion of IFm&x it was demonstrated that for a reversible iso- 
thermal change 

dE - 8(1= 

Hence 

dF = dW^^+^ 


From the definition it would appear that the result should be that the 
free-energy change equals the difference between the change in IFmax and 
the external work done. Yet the above equation gives dF equal to the 

algebraic sum of dWm&x. and This apparent contradiction is not 


as bad as it looks, A little reflection on the matter brings the realization 
that both Wjnux and free energy are energy contents of the reacting system, 

whereas refers to work done on or by the surroundings. The 

algebraic sign of change in energy content must necessarily always be 
opposite to that for external work done. Consider, for example, a 
reaction that takes place spontaneously. Both IFmax and free energy 
decrease as the system goes from state 1 to state 2. If this were not so, the 
change would not take place. Hence in the above equation it is proper 
to write both dF and dWmvi^ with negative signs to indicate that if the 
reaction takes place it is accompanied by a decrease in both of these 
quantities; thus 


-dF^- dWm 




This equation is now in agreement with the idea that the free-energy 
change equals the difference between the change in IFmax and the work 
done in providing space for the products of the reaction. 

It must be emphasized that all four of the quantities IFmax, and 
F are concerned with energy contents of the system under discussion. If 
this energy is utilized to produce external effects, the particular energy 
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content under discussion undergoes a decrease ConverseJy, jf the ex 
temal surroundings produce an cfTcct upon the s>'stcm, the result « an 
increase of the particular energy content m question The student must 
get a clear conception of the essential difference betueen the energy 
content of the syrstem and the changes produced on the surroundings, or 
by the surroundings, as a result of a change m tliat energy content 

A homely and naive illustration of the meaning of these remarls may 
be given by considering energy changes that talc place m the human 
body As the result of eating a meal, a mad’s energy content is increased 
Suppose that after eating the meal he vvorls m his garden His energy 
content is decreased As a result of the work done in the garden he 
produced an externa^ effect at the expense of a decrease in energy 
content Of course, the human body docs not operate on a reversible 
cycle, and so the amount of work done in the garden is not equal to the 
decrease m energy content 

As a means of obtaining a better idea of the significance and useful- 
ness of ail four of the quantities £, H, irn,**, and F, consider the informa- 
tion they yield when applied to a simple chemical reaction. For example, 
let a piece of zinc be placed in a hydrochlonc acid solution A vigorous 
reaction immediately results, accompamed by the evolution of hydrogen 
If the bealer containing the solution is touched, ft will be found to be 
warm Evidently heat is being giv en off by the reaction TTie ultimate 
cause of the reaction is the difference m the enci^ possessed by the 
syrstem zme and hydrochlonc acid and the system zme chloride and 
hydrogen Hence the intrinsic energy (chemical definition) has de- 
creased as a result of the reaction If the beaker contaimng the reactants 
IS open to the atmosphere, the process is carried on at constant pressure 
Then the application of the Non Flow Equation gives 

= (E, - £:,) + 

Since E decreased in going from state I to state 2, AE is negative The 
orJy work that has been accomplished by the reaction has been the 
work done to provide space for the evolution of hydrogen, equal to 
the atmosphenc pressure times the change in volume, i c , /(T* — Ti) 
Because this wx»rk was done on the surroundings, its sign is positive The 
fact that heat can be detected as being given off makes the sign of 
negative, and so the Non- Flow Equation with appropnatc signs is 

- - A£ -h iir. 

It has already been established that heat flow to or from the surround* 
mgs in a non-flow process earned on at constant pressure is measured 
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by the change in the enthalpy H, Just as the reaction caused a decrease 
in the intrinsic energy, so \vill it cause a reduction in enthalpy. There- 
fore, H\ is greater than /fo, and — Hi is negative, i.e. 

iQj> AH -= Hi- H2 

If Hi and H2 are known, iQjn may be computed. Conversely, the meas- 
urement of iQjy in a constant-pressure calorimeter makes possible the 
experimental measurement of the difference between Hi and Hz- 

The zinc-hydrochloric acid reaction might have been carried out in 
an electrolytic cell, with zinc and hydrogen as electrodes and the hydro- 
chloric acid solution as the electrolyte. If this cell had been placed in a 
thermostat and the external circuit completed through a motor, condi- 
tions would have been favorable for approaching reversibility. Under 
these conditions, if there were no volume change, the amount of work 
done by a motor placed in the circuit would have been equal to the 
decrease in the TTmax content of the reactants. If the electrolytic cell 
tends to cool off as the reaction proceeds, the maintenance of the 
isothermal condition requires that heat be added. This heat is trans- 
formed into work, together ^^dth the energy from the reaction itself. 
Conversely, if the cell tends to heat up in operation, the maintenance of 
the isothermal condition requires that heat be given off to the thermo- 
stat. Consequently less external work is done than is represented by 
the amount of heat evolved by the reaction. 

The essential point is that \\ith volume assumed to remain constant, 
it is only when the entropy of the ystem is the same before and after reaction that 
the heat of reaction equals the decrease in Wmax. But the constancy of entropy 
requires that the reaction be carried on reversibly as well as isotheimally. 
WTien the zinc is placed in the hydrochloric acid in a beaker and the 
reaction allowed to proceed without interference, the process is highly 
irreversible. Considerable energy would be required to restore the 
products of the reaction to the state in which they were before reacting. 
A considerable change in entropy therefore accompanies the reaction 
and so the heat of reaction is not equivalent to the decrease in the function. 

In what has just been said, a limitation has been placed on the process 
to the effect that there shall be no volume change. The fact that there 
is an evolution of hydrogen against the constant atmospheric pressure 
is evidence that the limitation is exceeded. Hence a certain part of the 
maximum work content must be utilized in providing space for the 
products of reaction. That being the case, the amount of work done by 
the motor in the external circuit is measured by the decrease in free- 
energy content, the reaction being carried out reversibly and at constant 
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temperature and pressure The basis for determining the cfilcienc) of 
the reaction is the maximum amount of energy left owr for doing cxlcr* 
nal work after space has been provided for the products of reaction. 

A mechanical analog), which must not be too closely dravm, may 
help to itmkc this idea dear A mass of water that weighs 100 lb and 
IS at an elevation of 25 ft has a maximum capacity of doing work of 
100 X 25 ^ 2500 ft lb If the water is at zero elevation it has no 
capacity for doing ^vork and is in equilibrium with the surroundings. 
In the first instance the water will fall spontaneously when it is released 
from Its container because it u out of equilibrium wth the surroundings. 
We say that the measure of the lack of cqmlibnum of the water is given 
by Its capacity for doing svork Similarly, if a sj'stcm of two or more 
chemicals is at a high potential level of free energy with respect to the 
free energy level of the products of their reaction, the reactants and 
products arc not in cquilibnum and the reaction may proceed spontane- 
ously If the free energy content of the reacting system is equal to that 
of the products system, reactants and pi;oducts of reaction are in equi- 
librium Finally, if the frce-cnergy content of the products system is 
greater than that of the reacting system, the reaction will not take place 
until an amount of energy is supplied greater than the dificrcnce m the 
two values of free energy These relationships between free energy and 
the possibility of chemical reaction may be summarized as follows 

If AF = Fj “ Fi IS negaiictf spontaneous reaction may take place 
AF — Fj — Fi IS ^fTo, equilibrium results 

AF = F* — Fi IS posiiivt, reaction is not possible unless energy is 
supplied from the surroundings 

In consequence of these conditions for chemical reaction many wnters 
describe free energy as “the driving force of a chemical reaction ” 

In the past, mctdlurgical practice has utilized heat of reaction as the 
basis for dctcrmimng whether a given reaction will proceed From 
what has been said here, this is clearly ivrong Heal of reaction u not 
the same as freC'energy change This ma) be seen quckly enough from 

the dcfimtions alone, i c > heat of reaction /f ®= F + free energy 
F « £ - TF + ^ The difference bctivccn these tivo quantities is 

the amount of heat absorbed or rt^ected in order to keep the temperature 
constant Fmallj, it must be realized that the heat of reaction can be 
determined calonmctncally It is usually taken as the heat given off 
a constant pressure reaction The frcc-cnergy change can be determined 
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only by setting up an ideal reversible process. This limitation, however, 
in no wise impairs the usefulness of the free-energy idea, because whether 
the reaction takes place reversibly or irreversibly^ the decrease in free-energy 
content is the same. Its complete utilization in an external circuit can 
be achieved only when the reaction is carried on reversibly. But in any 
event it is the decrease in free-energy content that drives the reaction 
to completion. 


Conditions Under Which the Point Functions F, H, PTmax, and F 
May Be Related to 1P2 and 1W2 

Change in 

Measures 

On 

E 

a 

Non-flow constant-volume change 

E 

w 

Non-flow adiabatic change 

H 

d 

Constant-pressure change, flow or non-flow 

PTmw: 

w 

Reversible isothermal change 

F 

w 

Reversible constant pressure isothermal change 


The Gibbs-Helmhoftz Equation — Determination of AH and AF 

The importance of identifying free energy, rather than heat of reac- 
tion, as the significant factor in determining chemical equilibria leads 
to the thought that it would be valuable to find some way of quantita- 
tively determining the difference between AH’ and AF from experimental 
data. One means for doing this' is provided by the Gibbs-Helmholtz 
Equation. The physical basis for the derivation of this equation is the 
electrolytic cell described previously (pages 87-88). 

Suppose that the external circuit of the cell has been adjusted to make 
the current i so small that the cell is essentially reversible. 

It has been shown that for a reversible constant-pressure isothermal 
change, the external work done is equal to the negative of the free-energy 
change. For a reversible electrolytic cell, the external work is done by 
the motor in the circuit. The voltage S in the circuit may be measured, 
and the product of its value times the quantity of electricity that flows 
gives the electrical work done. In electrochemical calculations the unit 
quantity of electricity is the faraday, which is equal to 96,500 coulombs 
per gram-atom equivalent of the active substances in the cell. The quan- 
tity of electricity that flows mol is then obtained by multiplying by the 
valence, or number of gram-atom equivalents involved in the reaction. 
Hence the electrical work done by the motor per mol of reactants equals 
n X 96,500 X S which, when divided by 4.18, the cgs factor for conver- 
sion of joules to calories, gives as the value of — AF for the reversible 
reaction. 
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— AF On heat units) 


n X 96300 X S 
4t8 


( 1 ) 


The heat of reaction is defined as the heat cfiect uhich occurs when a 
chemical reaction proceeds isothermally without useful work effect, i c , 
irreversibly VVhile such a reaction may take place at constant pressure 
or at constant volume, the former case is the one of major practical impor* 
tance For such a constant pressure change, it has already been estab- 
lished that 



liQ,\, = AH 


By definition 

H^E + ^ 

( 2 ) 

and 

F = E - TS + ^ 

( 3 ) 

thence 

F = H’-TS 

( 4 ) 

If (4) IS differentiated with respect to T u-ith p constant, there results 



( 5 ) 


To determine the value of 


differentiate (2) 



( 6 ) 

From the Non-Flow Energy Equation 


h(l^dE+^ 

( 7 ) 

Also 

( 8 ) 

SQ, = TdS 


Thence, by substitution 

dH = -b 


For a constant-pressure process 

dp ®= 0, and dH ~ TdS 
Substitution of this value for dH in (5) gives 




S 


( 9 ) 
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Or, from (4) 

m = 


WJ, 


( 10 ) 


When equation (10) is applied to the free-energy change of reactants and 
prpducts of reaction, both under the same restraint of pressure 


\ dT ^ T 

Solving this for — AH gives 

-ah = ~af + t{^1 

It was shown above that 

- AF= » X 96,500 X 5 
4.18 


( 11 ) 


( 12 ) 


Substituting this value in (12) gives one form of the Gibbs-Helmholtz 
Equation, i.e., 

n X 96,500 X S\ 

4.18 


AH = ~ AF + T 


dT\ 


^F- ” X t(—] 


4.18 


\dT/^ 


^ , n X 96,500 X S _ n X 96,500 rpf^ 

A ^ Cl A A n 


4.18 


4.18 


[dTL 


(13) 

(14) 


An example will illustrate how the above equations are used. 


Example 

For the reaction Cd + PbCb = CdCb + Pb, the voltage is 0.18801 volt 
at 25^ C, and the change in voltage per unit change of temperature is 
— 0.00048. (a) Find the heat of reaction at 25° C, and (b) compare with the 
free-energy change. 

Solution 

(a) The valence of the reaction is 2; the absolute temperature T is 273 + 25 
= 298° K. Substitution of these values in the Gibbs-Helmholtz Equation gives 

- AHpe,n.oi = [0.18801 - 298(- 0.00048)] 

4.I0 

= 15,285 cal per mol 

or AHpermoi = ^ 15,285 cal per mol 

The minus sign indicates that when the reaction takes place, heat is given off. 
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(b) The free enei^ change in calories for the reaction u 

^ „ s X 96 500 X 2 X 96 500 X 0 t880l __ 

4li Hi "®“'’ 

or AF *= — 8680 cal per mol at 25* G 

Because AF is negative the reaction occurs spontaneously 

Evidently for this particular reaction there is a considerable differ 
cnce between the heat of reaction and the decrease in free cncrg> a 
difference that amounts to 6605 calories per mol By subtracting the* 
equation for — AF from that for — AH the difference might have been 
computed directly from 

Physically, the difference is accounted for by the fact that the cell 
made up of these particular reactants tends to heat up in operation, as is 

indicated by its negative temperature coefficient — Therefore, in order 

ai 

to maintain isothermal conditions 6605 calories per gram mol must be 
rejected from the system Actually the dnvxng force of the reaction is 
only about 57 % of the observed heat of reaction, a difference which 
cannot be ignored 

For some reactions AH and AF actually differ in sign as well as in 
magnitude The following example illustrates such a case and shows 
how important it is to use AF as the basis for predicting whether or not 
the reaction may take place ' 

Example 

The temperature cocfficicm of the ccU Ag AgCl HgCl Hg » + 0 000336 
volt per “ C and the cmf at 298“ K. (25° C) u 0 0455 i o t (a) tV hat is the 
value of AH for the cell reaction’ (b) What is the value of AF* (c) Will the 
reaction take place spontaneously at 25“ dP 

Solution 

(a) From thcGibbs*HelinholtzEquaUonand the given data the value of Af/is 

- AHp^md = 10 0455 - 298(0000336)1 

The s’alence n of the cell reaction is 1, so 

_ ^ « 1 X 96 500 _ Q 

4 18 
1260 

AH »+ 1260 cal per mol 


or 
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The plus sign of A/7 signifies that when this reaction is carried out in a calorim- 
eter heat is absorbed from the surroundings. 

(b) The value of AF for the cell reaction is given by 


or 


- A/?' = 


n X 96,500 X S 
4.18 


1 X 96,500 X 0.0455 
4.18 


- AF = 1050 

AF = — 1050 cal per mol at 25° G 


(c) Since the value of AF for the reaction turns out to be negative, the reaction 
takes place spontaneously^ even though the heat of the reaction AH is plus. The fact is 
that, as the reaction proceeds, the cell tends to cool off, as is indicated by its 
positive temperature coefficient. That is, as the voltage of the cell decreases, 


dS 

the temperature likewise decreases, and so — is positive. 

dT 


Consequently, in 


order to maintain the isothermal condition, heat is absorbed from the sur- 
roundings and through the operation of the cell is delivered to the external 
circuit where it may be transformed into work. Because the reacdng system 
possesses this ability to do work, it is above the energy level of the system made 
up of the products of reaction; hence the reaction occurs spontaneously. 


Dependence of Af, AH, and AF on Temperature, The Third Law of Thermo- 
dynamics 

The fact that F, H, PTmou F are point functions means that they 
are specified by any two coordinates of the state of a medium. Moreover, 
since any point function may itself be used as a coordinate, it is possible 
to write a considerable number of functional relationships for the speci- 
fication of any one point function. Some of these are of greater practical 
usefulness than others because of their greater adaptability to experi- 
mental thermal data. In particular, since chemical equilibria are obvi- 
ously affected by temperature, it is especially desirable to establish the 
functional relationships for H and F in terms of temperature. Because 
AH measures heat flow for a constant-pressure process, specific heat at 
constant pressure equals the rate of change of h per unit of temperature, 

or Cp = per mol 

Hence, H is a function of temperature and of the specific heat at con- 
stant pressure. When Cp is variable, it also is a function of temperature 
and may be expressed as 

Cp = a + + • • • 
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m which C, 13 the molal specific heat, T is the absolute temperature, 
and a, b, c, etc , arc expenmcntally determined constants Then 

=J{c+bT + c'P+...)ir 

’-aT+l,^+c^+. .. + (!• 

In this way H for a constant-pressure process becomes a function of 
temperature and of experimentally detennmed constants a, b, e, etc 
Likewise the heat of reaction, and the change 

in di/ with temperature is also a function of temperature Expressed 
otherwise, the amouTit oj heat Jtow that accompanies a given thmtcal reaction at 
constant pressure depends on (he Umperatwre at nhich the reaction takes place 
We have already seen (page 92) that it is the frcc-cnergy change Af 
and not A// that is the criterion of chemical equilibrium However, one 
of the most useful ways of determining AF is by means of an equation 
which involves Aff 
By definition 

But E + ^ = H 

So by substitution 

H-TS 

If this equation is differentiated, we have 

dF=-dH- TdS - SdT 

When this equation is applied to a reaction that takes place isotherm 
mally, SdT ~ 0, and the free-energy change of the reaction is given by the 
definite integral of dH TdS, i e 

J^dF= Ft- Fi 
or 

In the first paragraph of this section we saw that AH at any tempera- 
ture may be evaluated from specific heat data In order to determine 
iiS for the reaction A5 =» S^naocu ~ •SU*cu&u. must know the absolute 
v*alucs of the entropies of each of the substances involved Such knowl- 

• The CT-aluaucn of the ooiwtant of miegration C, the eomputatkin of heat* of rraeiion aiJ 
of change In heau of reaction wth temperature arc fully treated In O N Lewi* and hwte 
Ra&daU, Thrrmorfpianuci W tft* fr«« £«cfSJt of Ctmtjed Sdttawt, VfcGraw Hill, pp 101 « 
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edge requires the determination of the constant of integration; i.e., at 
constant pressure 

a + + 


■dT 


— a loge T* + + c — • * • + const 


In order to evaluate the integration constant we must know the value 
of S at the boundary condition of T equal to absolute zero. Many 
experimenters, notably Nernst, Lewis, and Eucken, have investigated 
this problem. As a result of extensive research conducted by them and 
by others, a principle known as the Third Law of Thermodynamics has 
been formulated. Lewis and Randall * state this law as follows, in a way 
broad enough to permit its extension as experimental justification makes 
it possible to do so: “If the entropy of each element in some crystalline 
state be taken as zero at the absolute zero of temperature, every substance 
has a finite positive entropy^ but at the absolute z^to of temperature the entropy may 
become zcro^ and does so become in the case of perfect crystalline substances P 
In accordance with the Third Law, the integration constant of the 
entropy equation for pure crystals is zero, thus making possible the 
computation of absolute entropies from specific heat data. This has 
been done and tables of absolute entropies of considerable extent have 
been prepared, f These data are widely used J in conjunction with 
computed values of A/7 to determine LF. With knowledge of the value of 
AF for a certain temperature, it is possible to predict whether or not a 
reaction that would be industrially valuable is thermodynamically 
possible at that temperature. Further, a series of such computations 
made for different temperatures determines the temperature range 
within which the reaction is possible and^so gives invaluable information 
concerning the operating conditions that must be maintained in order 
that the reaction may take place. 


PROBLEMS 

1. What is implied by the term reversibility? What are the conditions of 
complete reversibility? Describe a process which could be reversible. 

2. In any frictional process, what is the immediate destination of the work 
energy expended to overcome friction? Discuss fluid friction and mechani- 
cal friction, 

*lhid., p. 448. 

\ International Critical Tables, edited for the National Research Council by Edward W. 
Washburn et al., McGraw-Hill, 

t C. G. Maier, Smelting from a Chemical and Thermodynamic Viewpoint, Bureau of Mines, 

Bull. 324 (1930); R. S. Dean, Use of Thermodynamical Data to Study the Chemical Reactions of 
Metallurgical Processes, Bureau of Mines, Information Circular 6395 (1930). 
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3 Draw a diagram of the Carnot qde on a^r plane Describe each process 
taking place around the c> cle State how and when heat floivs. State when 
svork IS done and whether it is done on or the medmta. 

4 Discuss the significance of the Carnot cycle foe the study of thennod>'nanucs. 

What w wanted is a crUicalt evaluation of wluit the cycle means 

and the ideas to which it leads 

5 Explain how an isothermal change can take place when there must be a 
temperature difference to bnng about heat flow 

6 State and discuss fully the significance of the three characlensucs of the 
Carnot cycle, known collectively as the Carnot Pnnciple, which make it 
the most efiiaent cycle for the transformation of heat into work 

7 Define unavailable energy, available energy, finite source, infinite source 

8 Discuss the influence of temperature of addition of heat and temperature 
of rejection of heat on the efficiency of heat utilizing cycles 

9 The inventor of an oil engine claims for it a consumption of 0 31 Ib of fuel 
(yielding 19,000 Btu per Ib) per indicated hp-hr The edges of a nickel 
test piece (mp 2660* F) jitst fuse in the cylinder of this engine and ihc 
exhaust temperature is 800* F Test the probability of the correctness of 
the inventor s claim 

10 A Carnot engine which delivers 10 hp takes 120,000 Btu per hour from 
a source at 340* F Find the receiver temperature One hp-hr equals 
2545 Btu 

11 a State the Second Law of Thermodynamics 
b Discuss the physical meaning of this law 

c. What docs the Second Law imply concermng the most effective con 
dilion for heat flow^ 

d What is your interpretation of the practical significance of the Second 
Law’ 

12 IVhat IS the concept of entropy’ How is it defined and what is its use’ 
For a rcaCTsible process, what is detenmned by the product of entropy 
change and condenser or refrigerator temperature, and by the product of 
entropy change and the temperature of the addition of heat’ 

13 Wntc the expression for efficiency of the Carnot cycle in terms of heat 
quanutics of temperatures, and of areas From the above expressions 
denve expressions for 


(a) Aiailablc energy 

(b) Unavailable energy 

(c) Entropy change 

(d) Entropy change 
(c) Unavailable energy 


Infinite source 
Infinite source 
Finite souitt 
Finite source 


14 a Sketch the Carnot cycle on the pVand TS diagrams and describe fully 
the ph>’sical significance of each line 

b Identify the areas which represent heat absorbed heat rejected, and 
heat transformed into work, and give a geometrical statement of Carnot 
efficiency 

c Under what conditions docs area on a TS diagram represent neat 
quantit)’ 
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15. Relate reversibility and irreversibility to entropy change on isothermal and 
adiabatic processes. What area on sl TS diagram represents increase of 
unavailable energy for an irreversible adiabatic change? What area on a 
TS diagram represents heat added on a reversible process? 

16. Discuss the relationship between entropy change and heat flow. Why is 
the entropy change zero in an adiabatic frictionless process? What is the 
effect of fluid fnction on the entropy change of a system? How do unavail- 
able and available energy vary with the entropy change of a system? How 
do available energy and unavailable energy of a system vary with a change 
in Tr (lowest available temperature)? 

17. Compute the entropy change for 10 lb of air when heated reversibly at 
constant volume from 60° F to 200° F. Cv for air = 0.17 Btu per lb. 

18. Heat is added to 10 lb of a medium whose specific heat (for the process) is 
0.20 Btu per lb per ° F, raising the temperature from 60° F to 260° F. The 
mediiim is used in a cycle which rejects heat to a cold body at a constant 
temperature of 50° F. (a) How much heat was added? (b) What was 
the entropy change of the medium accompanying the addition of heat? 
(c) How much of this heat was unavailable? (d) How much of this heat 
was available? (e) Represent the process by a sketch on a TiS* diagram and 
indicate areas that represent heat added, available energy, and unavailable 
energy. 

19. In a mercury boiler the mercury is heated from 300° F to 680° F and is 
then vaporized at constant pressure. After passing through a turbine the 
mercury condenses at 250° F. Compute (a) the heat added per pound of 
mercury, (b) the available energy per pound of mercury. 

Specific heat of Hg = 0.032 

Latent heat of vaporization of Hg at 680° F = 90 Btu per lb 

20. Five lb of water at 70° F enter a boiler and are heated to the boiling point, 
382° F. The heat required to evaporate the water at this temperature is 
842 Btu per lb. (a) What is the total change in entropy of the water in 
going from the state at which it enters the boiler to complete vapor? 
(b) What is the total heat added to bring about this change? (c) If the 
lowest available condenser temperature is 70° F, how many foot-pounds of 
work could be obtained theoretically from the heat added? (d) What 
effect does an increase in entropy during a reversible process have on 
(1) available energy, (2) unavailable energy? 

21. In a certain steam cycle, the entropy change resulting from warming and 
evaporating water in the boiler is 1.8 entropy units per pound of steam. 
The condenser operates at a temperature of 92° F cind measurements show 
that in the condenser 1160 Btu are rejected per pound of steam. What is 
the degree of reversibility of the cycle? 

22. What physical condition causes the following? (a) External mechanical 
irreversibility, (b) internal mechanical irreversibility, (c) external thermal 
irreversibility, (d) internal thermal irreversibility. 

23. Twenty lb of water at 180° F are mixed with 50 lb of water at 70° F. The 
lowest available receiver temperature is 35° F. (a) Compute the amount 
of heat energy that flowed from the hot to the cold water, (b) Compute 
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the entropy of this energy as it departed from the hot water (c) Dctcmime 
the entropy of the same amount of energy if withdrawn from the muture 
(d) Is the availability of this energy greater or less as a result of the lire* 
vcrsifalc mixing’ By how many Btu’ 

24 A ball (10 lb) of aluminum (sp ht 0 226) at a temperature of 700* F « 
dropped into a vessel containing 40 Ib of water at 60* F ^Vhat is the final 
temperature obtained, and what is the net oNcrall change m entropj of 
the system made up of the aluminum and the water’ 

25 A ball of copper weighs 5 lb and is a t a* temperature of 650* F 1 1 u plunged 
into a \essd that contains 23 Ib of water at 70® F If the specific heat of 
copper js 0 093 and that of water is 1 00, find (a) the equilibrium tempera 
turc of the mixture, (b) the o^craU change of entropy of the copper water 
system, (c) the change m availability of the heat that flensed with respect 
to a receiver at 40® F 

26 One lb of water at a pressure of 165 Ib per sq m is heated from 60® F to 
366® F and then completely vaporized, the latent heat for that pressure 
being 8 57 B tu per lb (a) Compute the total entropy change (b) Compute 
the total heat added (c) Compute the unavailable part of the total heat 
with reference to a 60® F condenser (d) Represent Uic process by a sketch 
on a TS diagram and identify areas that represent heat added, available 
energy, and unavailable energy 

27 With the data in Problem 26, assume that the water was heated and vapor- 
ized by energy supplied by radiation from a furnace m which the tempera- 
ture was 2500® F (a) WTiat was the entropy of the energy dclncitd by 
the furnace’ (b) What was its unavailable energy with respect to a 60* F 
condenser’ (c) IVhat was the increase of entropy by reason of the irre- 
versible heat transmission’ (d) IV hat was the corresponding increase m 
unavailable energy (60® F condenser)’ (c) Interpret the meaning of the 
results 

28 a Does knowledge of the entropy of heal energy imply ^ny information 

as to the extent to which the energy is available’ If so, state the general 
relationship of entropy to a\ ailability 
b Does an irreversible heat flow cause an increase or decrease in entropy’ 
c From your answers to (a) and (b), what conclusions can you draw 
as to the effect of irreversible processes on the efficiency of ihcrmody- 
nanuc cycles’ 

29 In a certain thermodynamic cycle t Ib of the medium (sp ht 1 Btu/1b/®F) 
receives 500 Btu of heat while undergoing a change of temperature from 
60® F to 560® F, and then receives an additional 650 Btu of heat isoihcrmally 
and reversibly at 540® F The medium is then expanded mettrsthly through 
an engine, during which process the eniropy increases 0 2 Btu per degree 
per lb The engine exhausts at a temperature of 60® F Compute *^*^ “"* 
available energy rejected per pound of medium What is the thermody- 
namic efficiency of the cycle’ 

30 Total energy (enthalpy) w given by the expression //•= Show 

that, for a constant pressure change, change in total energy {dlT) equals the 
change in heat (5(^ 
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31. State in detail the meaning of the terms heat of reaction, maximum ^vork, 
free energy% Relate maximum work and free energy. 

32. Using an electrolytic cell as an example, give the physical and chemical 
meaning of the definitions of the functions and F» 

33. Discuss free energy from the followng points of view: (a) definition, 
(b) determination, (c) meaning, (d) use. 

34. WTiat are the necessary and sufl^cient conditions ^vith respect to free- 
energy change of a reaction in order that (a) it may take place spontane- 
ously, (b) it may not take place spontaneously, (c) equilibrium exists? 

35. Suppose that you are interested in determining the conditions under 
which a given process may occur spontaneously. How would you proceed? 

36. State the conditions under wliich the path functions and W may be 
evaluated from the point functions intrinsic energy, totals energy, 

free energ)^ In each case ^\"e the reason for your ans^ve^. 

37. a. What is the object of defining and discussing and F in a course in 

introductorj’^ thermodynamics? 

b. The Gibbs-Hdmholtz Equation is 


- = 


n96,50Q 

4.18 



From it and the definitions of AH and AF, show that the term 

«96,500 ^/d8\ t- jj j • j • j 

— jz — T I “1 represents heat added or rejected as a reaction proceeds 
T \dT/p 

isothermally and reversibly. 

c. If an electrolytic cell has a positive temperature coefficient, does it heat 
up or cool off in operation? 

d. For such a cell, is — AH larger or smaller than — AF? Why? 

38. a. Explain why AF = measures the free energy of a chemical 

4.18 


reaction. 

b. From the Gibbs-Helmholtz Equation and (a), sho^v \vhat factor accounts 
for the difierence between AH and AF and inte^ret it physically. 

39. When this reaction, C + CO 2 = CO (at 25® C), takes place, AF = + 
29,240 cal. May the reaction take place spontaneously? Why? 

40. The reduction of CdO by CO (at 25"^ C) is given by CdO + CO = 
Cd + CO 2 . AF =+ 11,931 cal while at 900® K, AF = - 3857 cal. What 
do these values of AF signify, and how may the information be used in- 
dustrially? 

41. In an electrolytic cell Zn, ZnCl 2 , AgCl, Ag, the reaction is: 


Zn + 2 AgQ — ^ ZnCls + 2 Ag 


At 0® C, 8 = 1.015 volts and — = — 0.000402. Compute — AH and 

dT 

— AF for this reaction at 0° C. 

42. The voltage of the cell Pb, Pb(C 2 H 302 ) 2 Cu(C 2 H 302)2 (sat), Cu, at 0® C is 
0.4764. The rate of change of voltage wth temperature is + 0.000385. 
(a) Determine the heat of the reaction at 0® G. (b) Determine the free 
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energy of the reaction at 0’ C. (c) IVhlch of these tenns is a measure of 
the chemical a/Iinity? (d) How do you account physically for the difference 
between — dff and — 6Fi 

43. In the electrolytic cell Cd, CdCHj * 2i H|0 (sat) AgCI, Ag, the reaction is 
Cd + 2Aga— i-Cdai + 2Ag. At 25* C; G» 067531 and 
^ D 00065 v/® K. Compute — AH and -- Af for thia reaction at 25* C. 
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Thermodynamic Properties of Gases/ 
Gaseous Change of State 
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introduction 

In the preceding chapters we have been concerned almost wholly with 
the energy relationships that characterize thermodynamics. It was, 
however, pointed out in the beginning (page 5) that a material sub- 
stance, or working medium^ is always involved in energy transformation. 
Until now detailed consideration of the properties of any particular 
medium has been avoided, in order that the fundamental principles 
of energy transformation might not be obscured. With these principles 
clearly in mind, our next logical step is to study their application to 
various classes of media. Naturally, the study should start with that 
medium or class of media having the simplest possible behavior, a 
requirement which is satisfied by the so-called ‘‘permanent gases’’ — 
hydrogen, helium, oxygen, nitrogen, and air. Their designation as 
“permanent” had its origin at the time when it was thought that they 
could be neither liquefied nor solidified. Subsequent investigation has 
proved that this idea was incorrect, for it is now known that under 
suitable conditions of pressure and temperature, all known gases can 
be liquefied. Consequently the term “permanent” is now a misnomer, 
edthough it is still used to designate a gas of simple molecular structure 
which is liquefied only with difficulty. 

Boyle’s Law 

Because of its relative simplicity, the behavior of a gas upon change 
of its state was one of the first thermodynamic phenomena to be 
studied quantitatively. In 1662 Robert Boyle published the results 
of his work on the changes in the volume of a mass of air kept at 
a constant temperature when the pressure was varied. Within about 
a 1% error, Boyle found that, iviih the temperature constant, volume 
varies inversely with pressure, i.e. 

T, 1 jr const 
F - or V - — — 

P P 
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From this it follow-s that for the tsothemal (hange of a gas ithtch Uhtres w 
accordance iv\th Bojlds Law 

pV = const or piVi = ptVt »= pxVj, etc 
^\hcre the subscripts refer to the pressure and \olumc in a given state 
This 15 a form of the expression pF* for which n =* 1 

It has been found that the deviation of the beinv^orof a gas from 
Boyle’s Law depends on the nature of the gas studied, because incasurc- 
ments upon gases of simple molecular structure, like h)*drogen and 
helium, show much less denation from the law than do gases whose 
molecules have a more complicated structure In accordance with 
these observations, there has been developed the abstract concept of a 
perfect gas, a gas that behaves exactly in accordance with Bo)lc’s Law 
The idea is a useful one, for the hy'pothctical behavior of a perfect gis 
provides a standard from which the devntions of real gases can be 
measured If the deviation is not great, Boyle’s Law may be used to 
advantage in making computations to a degree of accuracy adequate 
for enginecrmg work 

The deviation of the behavior of real gases from that given by Boyle’s 
Law has also been found to depend on the constant temperature at 
which the measurements are made In general, the deviation increases 
as the conditions for condensation are approached Therefore, the law 
may be applied with but small error to the bchav lor of the “permanent ’ 
gases which, under ordinary conditions, arc at temperatures far above 
that at which they condense into the liquid phase On the other hand. 
It cannot be applied to the behavior of vapors like steam Not only is 
the molecular structure of such substances more complicated than that 
of simple gases, but also, under ordinary conditions, steam is relatively 
dense and is at a temperature near that of boiling water, i c , the temper- 
ature of liquefaction of the vapor 

Ctiades* or Gay Lussac’s Law 

Another early investigation of gaseous behavior mv’olved thcdctcrmi- 
natimj-oC thnwaij vawhiJdhvfiluirirL varied the tcm 9 ccaturc when the 
pressure was held constant In terms of the concept of absolute temper- 
ature, the expen mental results of Charles and Giy-Lussac, known as 
Charles’ or Gay-Lussac’s Law, may be expressed by the equation 
Fee r or r = iir 

where I: is a factor of proportionality If subscripts arc used to identify 
the coordinates of two different states 

h li 

Vs T, 
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This relationship has the same limitation as Boyle’s Law, in that it 
applies exactly only to the behavior of a perfect gas. However, if the gas 
studied is of simple structure and is at a relatively low pressure (up to 
10 atm) and at a temperature well above its boiling point, the error 
resulting from the application of Charles’ Law will not exceed 2%. 


Ideal Gas Law 

The laws of Boyle and Charles may be combined into a single rela- 
tionship, as follows : 

\ 

F cc - when T is constant 

P 

F cc T when p is constant 


When both temperature and pressure vary, the relationship which 
determines the variation of F must be 



In equation form this relation becomes 


or 

or 


F = const X — 

P 


pV = const X T 
^ = const = = 


P2V2 

T2 


Let the constant be designated as R. Then the equation pV = RT 
describes the state of a perfect gas, i.e,, a gas which behaves exactly in 
accordance with the Laws of Boyle and Charles. This equation is called 
the perfect or Ideal Gas Law. It will be helpful to interpret it in terms 
of graphic analysis. Since 

R 

the equation is in the mathetnatical form of ^ = /(at, y), which will be 
recognized as the- equation of a surface. The surface represented by 
pV = RT is shown in Fig. 4-1. Evidently, if the temperature is constant, 
the trace of the plane T = const on this surface is the equilateral 
hyperbola pV = const. This equation has already been identified as 
that which characterizes the isothermal change of state of a perfect gas. 
It is worth noting (Fig. 4-2a) that as the temperature is decreased, the 
value of the constant pV = const becomes less. Consequently an 
isothermal on the pV plane close to the origin may be recognized as one 
at relatively low temperature. 
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In a similar way, the curve which represents an isopicstic change of 
a perfect gas is the trace which the plane p « const makes wth the 
surface Fig 4-2b shows that this is a straight line, inclined to both 
the r and V axes Therefore, in a constant-pressure change with 
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increasing \olume, temperature increases, and conversely This rela- 
tionship IS apt to be overlooked when the constant pressure curve » 
projected on the pV plane where it is foreshortened into a straight line 
parallel to the V axis (Fig 4-2c) Likcivisc consider the curve on the 
surface which represents an isometnc change of a perfect gas It is the 
trace made on the surface by the plane V = const, md is mclmcd to 
both the p and T axes (Fig 4-2d) This curve, like the isopicstic curve, 
IS considerably foreshortened in projection upon the pV plane, where 
It appears as a straight hnc parallel to the p axis (Fig 4-2e) But again, 
examination of the curve on the surface itself shows that, m such a 
change, as the pressure decreases, the temperature must decrease, and 
conversely The student will profit by keeping his attention on the 
actual nature of the various types of change as shown on the surface, 
rather than on the projections made on a particular plane hkc the pV 
plane. 

The expression pV = RT u the functional relation T = ^(pt 
which charactmzfs Ac behavior of a perfect gas As such, and m con- 
formity vsath the definition given on page 9, it is the characUnshe 
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equation oj a perject gas. Its graphic representation may therefore be 
conveniently designated as the characteristic surface. 



Fig. 4-2. Representation of Several Types of Changes of 
State for a Perfect Gas, 


If the Ideal Gas Law is applied to a gas in two different states denoted 
by subscripts 1 and 2, there results 

/fiFi = RTi 

and == RTi 

If the first of these equations is divided by the second, the result is 

or 

/rzFj RTi Ti T2 

an alternative expression of the law which is frequently very useful. 
If the change from state 1 to 2 is carried out at constant volume 

Fi = Vz 


PiVi _ PnVi 
Ti Tz 


h h. 
Tx Ti 


and 
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TWs shows that at constant wlnmc the pressure of an ideal gas varies 
directly with the absolute temperature. By Charles’ Law the \-olumc 
also v-aries directly mth the absolute temperature. Theoretically, the 
change in pressure per unit change in temperature (pressure cocfficicm /3) 
of an ideal gas should be the same as the volume coefficient a. That is 
« = ^ = Thr = 0 00366 

The follouing measurements on hydrogen and air show how closely 
this condition is approached: 

a P 

Hydrogen 0 0036613 0 0036678 

Air 0 0037099 0 0036871 

Constant' Volume Gas Tliermomefer 

The direct proportionality between the pressure of a gas and its 
absolute temperature finds a valuable application in the constant* 
volume gas thermometer, svhich was mentioned on page 7. With 



hj’drogen as the gas, this thermometer is the one selected by the Inter- 
national Bxireau of Weights and Measures as a standard. As shown in 
the schematic diagram (Fig 4~3), the thermometer consists of a bulb B, 
which is filled with h^’drogen and is connected by a small tube to a 
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mercury manometer M, of which the t/-part is flexible tubing. At the 
point where the manometer joins the tube leading from the bulb, there 
is a small marker A. Because of the flexibility of the long arm LM of 
the Uy the mercury can be made to rise until it just touches the mark 
at Ay and so the volume of gas in the bulb and connecting tube down to 
A can be kept always the same. As the gas in the bulb is warmed, its 
pressure increases; hence, with rising temperature, greater pressure 
is required to keep the mercury up to A. The measurement of the 
required increase in pressure is the height h of the mercury column in L 
above mark A. It is the pressure exerted by this mercury column that 
maintains a constant level in the short arm of the [/-tube. The absolute 
temperature Tz corresponding to any pressure pz (as determined by 
measurement of the height h) is then determined from knowledge of 
the pressure pi corresponding to some reference temperature Ti, such 
as the temperature of melting ice, 0° G or 273° K. With known values 


oi ply Tiy andpzy simple substitution in 
for Tz- 


^ ^ makes it easy to solve 

7 1 7 2 


Units 

When the gas law is expressed in the homogeneous form 


piVi _ PzVt 
Ti Tz ’ 


it is only necessary that the corresponding values of pressure, volume, 
and absolute temperature be expressed in the same units. Thus if pi 
is in lb per sq in., pz is in lb per sq in.; if Vi is in cu ft, Vz is in cu ft; and 
if Ti is ° K, Tz is ° K. Hence proHems involving corresponding states of 
a gas may be readily solved, as illustrated by the following example. 


Example 

A mass of helium occupies a volume of 6.5 cu ft at a temperature of 50® F 
and a pressure of 14.7 lb per sq in. What volume does it occupy at a pressure 
of 6 lb per sq in. and a temperature of — 60® F? 


Solution 


pi = 14.7 lb per sq in. 
Vi = 6.5 cu ft 
Ti = 50° F = 460 + 50 
= 510® R 


pz = 6\h per sq in. 

Vz = ? 

^2 = - 60® F = 460 " 60 
= 400® R 


piVi _ pA^2 
Ti Tz 


14.7 X 6J ^ 
Vz^ 


6 Vz 

400 

400 X 14.7 X 6.5 
6 X 510 
12.5 cu ft 


510 
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When a problem involves the determination of an unknown coordinate 
for a single state oj a gas by the application of the law pi' « RT^ more 
attention must be paid to the units involved In the Bnush sptem of 
umts, pressures arc conventionally measured in lb per sq in, solumes 
in cu ft, and temperature in ° F From the preceding discussion it is clear 
that the temperature used in the gas law must be converted to the 
absolute scale (° Rankinc) by the addition of 460" Also, the presswe 
should be conierted into lb per sq Ji by multiplying by 144 m order that 
the product pV may have recognizable dimensions >Vhen this is done, 
the dimensions of the product pV arc those of vsork or energy, thus, 
Ib per ft* X ft* = ft lbs Since the volume V is the vulumc of the gas 
present, the dimensions of the constant R must be in foot pounds per amount 
of gas present per degree The dimensions of the equation pV *=> RT 
give an added physical sjgmficancc to temperature in that they show 
that absolute tempnature ir a measme of lAe etirrgy of a gar 

The Gat ContianI 

In order to determine the value of R^ an arbitrary and reproduabic 
set of conditions is specified Since R is constant, the value thus deter* 
mined is valid for other states of the gas The standard pressure is taken 
as 14 7 lb per sq in or 2116 8 lb per sq ft, which may be considered as 
normal atmospheric pressure The standard temperature is taken as 
32" F or 492" R If one pound of the gas is considered, v represents the 
specific volume, or voltme per pound The following tabulation gives values 
for V of the simple gases under standard conditions of pressure and 
temperature 

c 

Hydrogen 177 9 cu ft per lb 

Oxygen It 21 cu ft per lb 

Nitrogen 12 6 cu ft per Ib 

Au- 12 39 cu ft per lb 

When one pound of gas is considered, the gas constant R ir denoted by B Con- 
sequently, by direct substitution of the values of p, v, and 7* under 
standard conditions, the gas constant per pound for oxygen is 

5 7 ^ = 48 3 ft Ib per lb per "R 

T 492 

By Avogadro’s Law, equal volumes of gases under the same conditions 
contain the same number of molecules, -and so the masses of such volumes 
are to each other as their molecular weights This leads at once to the 
dehmtion of the mol, a urn t of weight of particular usefulness in dealing 
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with gases. A mol is the weight represented by the molecular weight expressed in 
units of weight. Since the molecular weight of oxygen is 32, a gram-mol of 
oxygen is 32 g, and a pound-mol of oxygen is 32 lb. By Avogadro’s 
Law, the volume per. mol of different gases is the same under the same 
conditions of pressure and temperature. In the cgs system of units the 
standard gram-molal volume is 22.4 liters; in the British system of units 
the standard pound-molal volume is 358.7 cu ft. 

The gas constant is denoted by R when the unit of weight is the moL 
Since the volume of a mol of any gas is the same under the same condi- 
tions, the value of R is the same for air gases. Because of this fact, R is 
frequently called the Universal Gas Constant. Its value is obtained thus 
14.7 X 144 X 358.7 - 72 X 492 

R = 1544 ft-lb per Ib-mol per ° R 
With energy expressed in heat units, this is 

R = ” 2 (approx) Btu per Ib-mol per ° R 

Because the unit of heat is defined in terms of weight and temperature, 
R in heat units per mol per degree is a pure number and is independent 
of the system of units employed. This is illustrated by conversion of 
each of the units Btu, pound-mol, and degrees R to the corresponding 
cgs vcilues. 

1 Btu = 252 cal 
1 Ib-mol = 454 g-mol 
1°R = f °K 

Thus R = 2 X X X f = 2 (approx) cal per g-mol per ° K 

Since the molal volume V is the molecular weight m times the specific 
volume the molal gas constant 72 is m times B, the gas constant per 
pound; i.e., 72 = mB. This provides a way of determining B from the 
molecular weight and the universal value of 72. For example, since the 
molecular weight of oxygen is 32, B for oxygen is 

Application of the Ideal Gas Law 

The Ideal Gas Law may be applied to n units of quantity of the gas 
by multiplying both sides of the equation by n, the number of units of 
quantity present. Then, when the quantity is expressed in pounds, 
where pounds is designated by M, 

pMv = MBT 

If V is used to denote the volume of M lb, this becomes 

' pV = MBT 
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LikcMse, >f n mols of the gas are considered 
pnv = nRT 

and again if V represents the volume of n mols, this becomes 
pV *= nRT 

The follomng example illustrates the use of the equation 
Example 

Compute the pounds of oxygen ^vhich can be stored in a S cu ft container 
at a pressure of 300 lb per sq in abs and a tempcraiure of 60’ P 

Solution 

p «= 300 Ib per sq in ■= 300 X 144 lb per sq ft 
=* 43,200 lb per sq ft 
« 5 cu f l 

r « 60 + 460 = 520’ R 
5 “ 48 3 ft lb per ib per ’ R 

By substitution 

43,200 X 5 = ilf X 48 3 X 520 
= 8 6 lb 

The method of attack is the same if the unknown quantity is pressure, 
volume, or temperature 

Other Characteristic Equations 

It must be kept in mind that the charactensUc equation of a perfect gas 
ts only a useful approximation to the behavior of a rial gas TTic approximation 
grotvs closer as the gas becomes more rarefied Convcncly, the dela- 
tion increases as the gas groivs denser Because of their mobility and 
other physical properties, gases and vapors have wide application as 
the working sul^tancc in thcnnodynamic cycles and processes Hence 
It IS a matter of considerable importance to determine charactcnslic 
equations of gases and vapors with the greatest possible accuracy 
One of the best known analytic derivations of a charactcnslic equation 
for real gases was made by van der Waals By an approach based on 
the kinetic theory of gases, he deduced that in addition to the external 
pressure on a gas, there is also an internal pressure, set up by the mutual 
attracting forces between the molecules, which is inversely proportional 
to the square of the volume Moreover, he considered in his equation 
the volume of the molecules themselves, which of course constitutes 
a space in which molecular motion is not possible The van der Waals 
characteristic equation is 
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Values for the constants a and 6, ^vhich may be determined in several 
ways^* are given for a few common gases in Table 4-1. 


Tabix 4-1. Constants for van der Waals’ Equation f 



a 

b 

Air 

1.33 X 10' 

36.6 

Ammonia 

4.16 X 10' 

37.3 

Carbon dio.xide 

3.6 X 10' 

42.8 

Methane 

2.25 X 10' 

42.8 

Sulphur dioxide 

6.8 X 10' 

57.2 


The units for these constants are: pressure in atmospheres, volume in 
cc per gram-mol, and temperature in degrees Kelvin. With these units, 
the Universal Gas Constant has the value of 82.06 cc atm per g-mol 
per ° K. 

As wth the Ideal Gas Law, the van der Waals Equation may be 
applied to n units of quantity (in this case gram-mols) by multiplying 
both sides by n\ thus 

And again, if F is taken as the volume of n mols, V = vn, and 

{p + - «*) -[p + py - «*) = 

In solving problems by means of van der Waals’ Equation, it is best 
to carry out Ae solution in the units in which the constants are given. 
The conversion of the given data to these units can be done much more 
readily than can the conversion of the equation itself. 

Example 

Compute the pressure of 1 Ib of sulphur dioxide occupying 0.5 cu ft at a 
temperature of 20° G. 

Solution 

1 lb of SO5 - 454 g or ^ = 7,09 g-mols 
n = 7.09 

F = 0.5 cu ft = 0.5 X 28.3 X 10^ cc = 14.15 X 10^ cc 
r = 20 + 273 = 293° K 
a = 6.8 X W 
b = 57.2 
R = 82.06 

♦ Saha and Srivistava, A Textbook of Heat, India Pr^, pp. 164-167. 
t Computed from critical data from InUrmtiond Critical Tables, 
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By substitution in the van dcr Waals Equation 

'*■ X 10* - 7 09 X 57.2) « 7 09 X 82.05 X 29S 

A 342 X 10* * 

^ “ 13,745 “ 200 X 10» “ ~ 

=5 157 lb per sq in. abs 

Had the problem been solved by the Ideal Gas Law, the calculated pressure 
would have been, with Bntish units throughout 

1 X 24.14 X (68 +460) 

^ 0?in^5 -mibp^rsqrn. 


an error of nearly i3%. 

When either P' or « is unknown, the solution becomes algebraically comph* 
cated and is best made by graphic methods 



Vetome 

Fic. 4-4. Ijolhenns of CO, Showing Deviation from van der tV'aal's Equa- 
tion (Reprinted by pcrmnsion from Induttnat Chtmtnl C«/ruf«/tonr, by 
Ilougcn and auon, published by John Wiley 1 Sons, Int) 


Although van der Waals’ Equation is today the best means of detcr- 
imnitig the behavior of gases at high pressure, it is not an entirely 
accurate representation of the facts, Tlie solid lines in the graph in 
Fig. 4-4 are isothcrmals obtained by plotting van der Waals’ Equation 
*Se« O A- ITougen and K. M. Wataem, Jmiutnia! O/mwaf CdmfaWm, VTiej, pp 5+54. 
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for carbon dioxide on the pV plane. The dotted lines represent the 
experimental results of Andrews (1869) on the same substance. The 
deviation is considerable, especially in the region ab^ which is ^vhere 
the gas liquefies. This discrepancy, which looks serious, can be ex- 
plained by correct interpretation of the theoretical cun^e, but the 
deviation in the gaseous region cannot be so easily accounted for. The 
inadequacy of the van der Waals Equation accurately to represent the 
experimental facts has caused numerous investigators to set up other 
characteristic gas equations, most of 'which are empirical in nature. 
Their use is usually complicated by the large number of empirically 
determined constants introduced to make the equation fit the facts. 
Some of the better known of these equations are: 


Clausius 

Dieterici 

Lees 


c 

V -- b T(v + c)‘ 

, RT-^c 
^ V — b’ 

^ v-b Tv^ 


Cailendar (for steam) 

V = ~ + b 

P 

Beattie-Bridgman 
pxr = RT 


c 

T- 


•('-!)](' -i.) -4 -r) 


The Beattie-Bridgman Equation, although complicated, is of significance 
in that its five constants may be evaluated rather simply from a relatively 
small amount of experimental data. 


Critical Pressure, Volume, and Temperature 

The graph of the results of Andrews’ experiments shoivn in Fig. 4-4 
merits further attention because it sheds considerable light on the 
behavior of matter as it changes phase, in this case from a gas to a liquid. 
If the isothermal of 13.1° C is traced from right to left, the pressure first 
increases as the volume decreases. From points b to g, ho\vever, the 
pressure remains constant and the volume continually decreases. This 
part of the curve represents the process of liquefaction; it is worth noting 
that both pressure and temperature remain constant. During this change, the 
carbon dioxide is present in both the gaseous and theJiquid phases and 
the diminution in volume is accomplished by the progressive condensa- 
tion of the gaseous portion until at point a the substance is all liquid. 
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In the same way, the temperature of water boiling at atmospheric pres, 
sure IS constant at a value which depends upon the height of the barom. 
etcr The graph further shows that after liquefaction is reached, a 
decrease in volume can be accomplished only by a great increase^ 
pressure This fact is responsible for the common inaccurate statement 
that liquids arc incompressible A better conclusion is that liquids arc 
only slightly compressible 

The graph shows that the isothertnal for 21 5° G has much the same 
character as that for 131®C, except that the honronlal section u 
shorter As isothermaJs far higher and higher temperatures arc drawii, 
this section becomes progressively shorter until finally, m the isothermal 
for 31 4° C, It disappears At this temperature and above, there is no 
transition process by which condensation takes place Consequent^, 
Carbon dioxide cannot be liquefied by any pressure, however great, 
if the temperature is abo\ c 31 4“ C The point C at which condensation 
just ceases to be possible is called the critical point The isothermal 
through this point is at the crittcal temperature, and the pressure and 
volume coordinates of the point arc called the critical pressure and cntical 
lolume Each substance has its own characteristic critical point, hence 
knowledge of the critical data — i c , pressure,, volume,, and tempera^ 
ture, — of various substances is a matter of considerable importance 
in the technical use of the substance as a thermodynamic medium. 


Table 4-2 Critical Properties or Some Commojv Susistascxs * 



CrJiJcaJ Pressure 

CnncaJ Volume Cniicstl Temperature 


pt m Atm 

Vt for 1 g mol 

/. tn “ C 

Air 

37 2 


- 1407 

Ammonia 

111 5 

72 4 

132 4 

Carbon dioxide 

73 

95 5 

311 

Methane 

45 8 

99 

-82 5 

Sulphur dioxide 

111 

123 

157 2 

Water 

2177 

45 

374 


The above discussion shows that it is impossible to liquefy any sub- 
stance by pressure alone if u is above us critical temperature Moreover, 
if the substance is cooled to a temperature slightly below the cntical, 
there is no necessity for using a pressure greater than the cntical pressure 
It was lack of knowledge of these facts that made it impossible for early 
expenmenters to liquefy the common gases like h>'drogen, nitrogen, and 
oxygen, even though tremendous pressures were used It is now clear 

* DiiUk rtproci'ucctl £rcm Ifilematienal Cniust Talks 
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that their unsuccessful results were caused not by the ‘‘permanent” 
gaseous nature of the substance, but by the fact that they attempted 
the liquefaction at temperatures considerably above the low critical 
temperatures of these substances. 


Compressibility Factors 

The characteristic equations for gases, other than pV = nRT^ are not 
in a form that permits quick and easy calculation. Furthermore, the 
Perfect Gas Law may not be used to describe the behavior of real gases 
under the extreme conditions of pressure and temperature prevalent in 
industry today. A way out of this difficulty is provided by the use of 
empirical constants, called compressibility factors, as correction factors for the 
Perfect Gas Law Equation. For example, by the equation pv = BT, the 
volume per pound of nitrogen at 1000 lb per sq in, abs and — 70° F is 


BT 

P 

55.14 X (460 - 70) 
1000 X 144 


B for nitrogen 


1544 

28 


= 55.14 ft-lb per lb per ° R 


= 0.1495 cu ft per lb 

Experiment gives this value as 0,1316 cu ft per lb, a value which is only 
88% of that calculated. The error is too great to be neglected. The 
equation can be made to yield the correct value if the right-hand side 
is multiplied by 0.88, i.e., pv = 0.88 BT. The factor 0.88 is called the 
compressibility factor for nitrogen in the state specified. The empirical adapta- 
tion of the Perfect Gas Law is therefore 


pV = CMBT 

or ^ CnRT ^ 

the form of the equation depending on whether the units of weight are 
pounds or mols. In either case C is the compressibility factor for the 
gas in the particular state considered. The compressibility factor is a 
function of pressure, temperature, and the nature of the gas and so its 
value varies vdth. different gases and different states. Compressibility 
factors may be used in the homogeneous form of the Perfect Gas Law 
as applied to two different states provided the proper factor is used with each 
state. Thus 

PiVi = CinBTi 
P2V2 = C^nBT^ 


If the first equation is divided by the second 
th.SlXi or M. 

P2V2 C2T2 CiTi 


C 2 T 2 


or 
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The usefulness of the compressibility factor is dearly dependent on 
the ability to determine the vdue of the factor for a particular substance 
and state. As the result of extenswe cxpenmcntal work, compressibilit) 
data are available over a wide range of temperature and pressure for 
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Fic -1-5 Comprtss b J ty F^ctorj o£ N trogen Correspond ng lo 
Specified Pressures and Temperatures (Repr nted by perm js on from 
Indujlrtat Chem cal Catculat ons by Hougen and Watson pub! shed by 
John W iley & Sons Inc ) 

most of the gases used industrially These data have been collected and 
expressed m graphic form * in order to provide a convenient means of 
determining the factor for any desired pressure or temperature As an 
illustration one such graph for nitrogen is shown m Fig 4-5 

Vorlabifi Specific Heeb of Gases 

In many problems dealing with gaseous media it is necessary to know 
the values of the specific heats c, and c, over wide ranges of temperature 
and pressure This is particularly true of the combustion process m an 
internal combustion engine m which the temperature range is several 
thousand degrees As mentioned in Chapter I (page 1 5) spcctCic heat 
generally is a function of temperature Also at high pressures and low 
temperatures, the instantaneous value of c, depends upon both temper* 
aturc and pressure 

The general variation of the molal specific heat with temperature ts 
expressed by the equation 

C - a + + 

• O A. Hougmi and K. AL Wa»oa IndMtnJ Owraeat Cal'tidatms Wiley pp. 
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in which t is the temperature and a, b, and c are constants determined 
by experiment The latest and most accurate equations of this form, 
applicable to various common gases, have been worked out by East- 
man * from experimental data and are as follows : 


Units: Cp in Btu per Ib-mol per ® F: ^ in ° F 

Ns, O 2 , GO, NO, HCl, HI, HBr, Fs 

Cp = 6.923 + 0.000373 / + 0.40 X 10“’ 

H 2 , HF 
H2O 
NHs 

CO2, SO2 
CH 4 


Cp = 6.937 + 0.000218 / + 0.68 X 10“’ 

Cp = 8.346 + 0.000465 t + 0.4H X 10“«/2 

Cp = 8.308 + 0.0035 t 

Cp = 9.000 + 0.0027 ( - 0.256 X 10“« 

Cp = 8.33 + 0.0053 t 


Monatomic gases and metallic vapors 
C = 4.98 


At this point it is well to consider the steps by which an expression for 
specific heat in terms of one temperature scale may be transformed into 
the comparable expression on another temperature scale. A specific 
example will serve this purpose. 

For temperatures between 300 and 2500® K, Eastman gives the 
following equation for the specific heat of hydrogen in calories per 
gram-mol per degree, with t in degrees Kelvin. 

Cp = 6.85 + 0.28 X 10'^/ + 0.22 X 10“«/2 

Then, for example, at 1000® K 

Cp(1000® K) = (6.85 + 0.28 + 0.22) = 7.35 cal per g-mol per ® K 

In order to obtain an expression that is valid when t is in degrees 
centigrade, we must substitute 

tc + 273 

Then Cp = 6.85 + [0.28 X + 273)] + [0.22 X .10-®(<c + 273)’*] 

Cp = 6.85 + 0.28 X 10-®/. + 0.28 X 10-® X 273 + 0.22 X 

10-««/ + 0.22 X 10-« X 2 X 273 «„ + 0.22 X 10-«(273)= 
Cp = 6.9428 + 0.4 X 10-®^. + 0.22 X 

As a check let us compute Cp for the same temperature as before. 

1000° K = 727° C 

* E. D. Eastman, Specijic Heat of Gases, Bureau of Mines, Technical Paper No. 445 (1929). 



122 


FunJornenfflU o1 TKermocfynamla 
When this value of I, is substituted in the preceding equation 
C,(727® C) *= 6 9428 + 0 4 X 10-» X 727 + 0 22 X 10-» X (727)* 

= 7 3498 cal per gram mol per ® C 

The slight discrepancy bet\sccn this figure and that previously obtained 
results from failure to carry the computation to the final decimal point 
To transform the equation to one m terms of degrees Fahrenheit \\c 
substitute 

/. = - 32) m 

C, - 6 9428 + 04 X 10-*/, + 022 X 10-* X /.* 

Then C, = 6 9428 + 0 4 X - 32)^ + 0 22 X 10-« X 

10 / “ 32)^p 

C, « 6 9428 + 04 X 10-* X t// - 04 X 10^* X 32 X | 
+ 0 22 X 10~“ X ^ X //’ - 0 22 X I0-* X 2 
X 32 X H X 'r + 0 22 X t0-“ X (32)* X H 
s 6 9428 + 0 222 X 10"* </ - 0 00711 + 0 679 X 10"* f/* 

- 0 004X 10'* I/+ 0 00007 

C, = 6 9358 + 0 000218 // + 0 679 X 10'* 1/ 

Let us use the same temperature as before to check this equation 
IGOO^k = 1340 6*F 

C,(1340 6® F) = 6 9358 + 0 000218 X 1340 6 + 0 679 X 10'* 

X (1340 6)* 

= 7 3505 Btu per Ib-mol per " F 

Similarly, an equation valid for f in degrees Rankinc may be obtained 
by substituting 

- 460 

in the equation expressed in terms of degrees Fahrenheit 
The value of C. for each of thwe gases is readily obtained from that 
of Cp by consideration of the physical distinction betueen C, and C, 
As previously described, Cp is larger than C, by the amount of energy 
required to provide space for the medium agunst the constant pressure 
acting The measure of the difTerencc may be obtained by diflcrentiat 
mg the Non Flow Energy Equation thus 
At constant lolume 

iQ, « rfC + 0 (m heat umts) 

If this is expressed as a partial derivative ivnth respect to T 



Since specific heat at constant volume is measured by 

the rate of change of jntnnsic energy mth temperature 
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At constant pressure 

dE + pdV (in heat units) 

Let this also be expressed as a partial derivative with respect to T, 
pressure of course being the variable held constant. Then 






+ />(; 


'dV\ 
.dTj^ 


In order to evaluate this equation, must be determined for the 


particular medium under consideration. This is done by taking the 
indicated partial derivative of its characteristic equation. Since most 
of the gases in the preceding table follow the Perfect Gas Law reasonably 
well, we shall use it as the characteristic equation. Also, in order to be 
consistent with the units of the table we shall use the form in which the 
unit of quantity is the pound-moL The indicated partial derivative is 
obtained thus 


pV = RT 



When this value is substituted in the original equation 





It will be shown presently that for a perfect gas intrinsic energy is a 
function of temperature only. Therefore it is immaterial whether p 
or V is held constant, and so 



Then, by substitution 

Cp = Cv 4“ 

When the Gas Law is in units of pound-mols the value of R in heat 
units is closely equal to 2 Btu per Ib-mol per "" R. Consequently, East- 
man’s equations for Cp per pound-mol may be transformed into equa- 
tions for Cv per pound-mol by subtracting 2 from the cqnstant term of 
each. 

The equations may also be readily transformed into expressions for 
Cp and Cv, specific heats per pound oj medium, by dividing each term by the 
molecular weight. 
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For example, if the medium is Nj 

^ 6 923 , 0 000373 , 0 40X10-^* 

28 28 28 

4 923 ■ 0 000373 . 0 40X10~^f^ 
• “ 28 28 28 

and for HCI 


Btu per Ib per * F 
Btu per lb per F 


36 5 
. 4 923 


0 000373 ■ 

36 5 

0 000373 , 

36 5 


0 40 X 10-^ 
36 5 
0 40X 
36 5 


Btu per lb per ® F 
Btu per lb per ” F 


The vanatjon of Cy with pressure results from the fact that at high 
pressures the average mtcrmolecular distance is considerably reduced 
Consequently, the attractive force between molecules is mcrcascd and 
relatively more energy is required to produce the molecular agitation 
charactenstic of an increase of temperature The effect is most marked 



Fk; t-6 E(r«l of Pressure upon the Instantaneous VIolal Heat 
Capacity ot Air at Constant Pressure (Reprinted bv penniMion 
froin Industrial Chftntral Calculations by llougcn and ttaUon 
published by John VViIey k Cons Ine) 


when the high pressure is accompanied by low temperature This is 
precisely the same condition that produces enhanced deviation from 
the Perfect Gas Law, and for the same reason As a result, the variation 
of C, with pressure may be neglected when the behavior of a gas is ap- 
proximately represented by the Perfect Gas Law ^Vhcn its behavior a 
no longer capable of being described by that law, the v analion of Cp with 
pressure majf not Be tgnoreJ The cun cs showm in Fig 4~6 indicate that the 
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variation of Cp with pressure is not great at high temperatures, even when 
the pressure is extremely high. But when even a moderately high pressure 
is accompanied by low temperature, the variation is decidedly large. 

The student must give particular attention to the use of the variable 
specific heat equations. Because constant specific heats are generally 
used in the elementary study of heat, it is a common error to use the 
equations to determine an arithmetical average value of Cp or Cv which 
is then treated as a constant. This procedure can be valid only when the 
equation is linear in character. In all other cases, the equation must he 
integrated with respect to t between the designated limits of temperature in order 
to determine quantity of heat. 

Thus, since 


= Cp = molal specific heat at constant pressure 
= Cp dt 

and j !^2 “ ( Cp dt 

per mol Jt^ 

Similarly, if the medium is heated at constant volume 


i.-=r 


Example 

How much heat is required to raise the temperature of 1 Ib-mol of nitrogen 
from 100° F to 3000° F at constant volume? 


Solution 


\Q^ ^ ^ Cv dt 

Cv for N 2 = (6.923 - 2) + 0.000373 / + 0.40 X 10'^ 




923 + 0.000373 I + 0.40 X 10"’ (^)dt 


= 4.923 I + 0.000373 - + 0.40 X 

2 3 Jioo 

= 4.923(3000 - 100) + (3000^ - 100*) 

+ X 10-^ ^3(JQQ, _ 

= 14,276.7 + 1676.6 + 360 
= 16,313.3 Btu 

The heat required per pound is readily obtained by dividing by 28, the molec- 
ular weight of nitrogen. 

.0, = ^ 3g2 g Jg 

28 
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From 32* F to 392* F the value of r, per pound of nitrogen u gi\en • aj comtant 
at 0 173 If this value IS used in the example, the result is 

1 ?, » 0 173(3000 - 100) = 517 3 Btu per lb 
“ Hus result is slightly over 1 1% m error when compared with the more accurate 
value obtained by using Eastman’s Equation 

Caseous Mixtures 

In industnal processes and cycles, the thermodynamic medium wmorc 
often a mixture of several gases than a single one For example, m an 
internal combustion engine the expansive medium which pushes the 
piston down is a mixture of the products of combustion These usually 
include nitrogen, carbon dioxide, carbon monoxide, and >vatcr vapor 
In order to deal adequately ivith problems iniolving mixtures of this 
nature, a means must be provided for determirung the specific heat 
and gas constant of the mixture Both of these quantities depend upon 
weight Consequently, them average values for a gaseous mixture depend 
upon the weight composition of the mixture The analy’sis of gaseous 
mixtures IS usually reported in terms of volume compontton and so the 
first step m dctermimng the properties of a gaseous nuxturc is the 
conversion of volume composition to weight composition 

Again Avogadro’s Law may be invoked to advantage By this law, 
a mol of any gas under defined conditions contains the same number of 
molecules Also the molal volume under standard conditions is the 
same for all gases A mol of a mixture, therefore, has the same volume 
as a mol of any of its constituents If analysis reveals that a certain 
mixture contains 9% hydrogen by volume, a mol of the mixture con- 
tains 0 09 mol of hydrogen Since the weight of a mol of hydrogen is 
simply its molecular weight, it is a simple matter to dctenrunc the 
weight of hydrogen per mol of mixture The sum of the weights of all 
of the constituents determined in this way is the weight of a mol of the 
mixture The weight composition is then easily determined by dividing 
the weight of each component by the weight of the whole This pro- 
cedure IS illustrated in the following example 
Example 

A certain producer gas has the following composition by volume 
Ht, 15% 

CO, 22% 

CHi, 3% 

COfe 9% 

N*. 51% 

What IS Its weight composition^ 

• a D llodgroaia xnd N A. Uasre, Handbook tJCKrwtjytyd PfytUi,Chxn>k»l Rubber Co. 
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Soluiton 


vol fract = mol fract 


mol wt 


wt in lb 

Wt fract 

Hs 

0.15 

X 

2 ‘ 


0,3 

0.012 

CO 

0.22 

X 

28 

s= 

6.16 

0.245 

GH4 

0.03 

X 

16 


0.48 

0.019 

COs 

0.09 

X 

44 

= 

3.96 

• 0.158 

Nj 

0.51 

X 

28 

= 

14.28 

' 0.567 






25.18 lb 

1.001 


Weight per mol 
of mixture 


While it is not possible for a mixture to have a true molecular weight, 
its weight per mol may be used as an apparent molecular weight for the 
determination of its specific heat and gas constant. Thus, in the 
preceding example, the apparent molecular weight of the 'mixture is 
25.18 lb. 

The gas constant per pound of mixture is then obtained by dividing 
the Universal Gas Constant per mol by the apparent molecular weight; 

= 61.32 ft-lb per lb per ° R 


The gas constant per pound may also be obtained from the weight 
composition. By Dalton’s Law of Partial Pressures, the sum of the 
pressures of the constituents of a mixture of gases is equal to the total 
pressure exerted by the mixture, i.e. 

/^1 + ^2 + ^3 • * • = /^mixture 


Since each constituent occupies the entire volume and is at the 
temperature of the mixture, the Perfect Gas Law for each component is 




MiBJ' 


MzBzT 

Pz = — jr~ 


etc. 


in which Afi, M 2 , Mz give the weight in pounds of each component, and 
5i, 52 , and Bz are the respective gas constants per pound of the compo- 
nents. Then 


/^mixture = ^ (Ml 5 j + M2B2 + MzBz ; * ') 


If M is the weight of the entire mixture in pounds, the Perfect Gas Law 
for it is 


pV = M5iaixturcT 


(-^mixture) 


or 
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Comparison of the twt) equations for pmuua^ at once >neldi the fact that 


Af £g}lztar« ^ 
or 

Since M 

^■ihen ^wntT Infm 


^ 4- MtBi 4- MtBt • ) » 2Af*B, 

M 

XMt 

SAfjgi 

XMi 


In the case where A/i, Mt, Aft, etc , indicate svcight per cent, their sura 
IS of course equal to 1 00, hence under such circumstances 

= SA/,5. 


Gi\cn the data in the preceding example, the gas constant B <J the 
producer gas is detenmned by this method in the followng %vay 



vrt fract (Af) 

H, 

0 012 

CO 

0 245 

CHt 

0019 

COt 

0158 

N, 

0 567 


gas const per lb (B) 

MB 

772 0 

9 26 

55 14 

13 51 

96 31 

183 

35 09 

5 54 

55 10 ^ 

31 24 

B E ^lAfiBi 

» 61 38 


Specific Heat of Gaseous Mixtures 

The definition of speafic heat in terms of unit tv eight of substance 
malccs possible the dcternunation of the av’cragc specific heat of a 
mixture The process b> \shich this is done is the same as that outlined 
in the preceding paragraph for the determination of the gas constant B 
for a mixture That is, the sum of the products formed bj mulupl)ing 
the u-cight of each component by its specific heat is equal to the total 
weight of the mixture times the as erage specific heat In equation form, 
uath Cty Ct, Cj, etc , denoting specific heat per mol of the respects c 
components, and nj, uj, nj, etc , the Vt-cight in mols of each component 
present, the relation is 


niCi 4" njCj 4" HjCj 4” • ‘ * ** (wi 4* d* fit)Caitt<w* 

It IS conscnient to take Hi, nt, «i, etc,, as the mol per cent of each com- 
ponent svhich u, of course, the same as the volume percentage composi- 
tion Thar sum is then 1 mol of the mixture 
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Example 

Find the variable specific heat at a constant volume per mol and per pound 
of the producer gas mentioned in the example on page 126, For convenience, 
the volume composition is repeated. 



15% 

CO, 

22% 

CH^, 

3% 

CO,, 

9% 

N„ 

51% 


Solution 

Eastman’s Equation for Nj and CO are the same. They may therefore be 
grouped together. 


mol % Cv 

Hn 0.15 4.937 + 0.000218 t + 0.68 X 

CO, Ns 0.73 4.923 + 0.000373 t + 0.40 X 

CH4 0.03 6.33 +0.0053/ 

CO2 .^0.09 7.00 + 0.0027 / + 0.256 X 10“^/^ 

mol % X Cv 

Hs .0.7406 + 0.000033 / + 0.102 X lO'"'^ 

GO, Ns 3.5938 + 0.000273 / + 0.29 X 10-^/" 

GH4 0.1899 + 0.00016/ 

COs 0.63 + 0.000243 / - 0.23 X 10"'^ /^ 

Cv mixture = 5.1543 + 0.000709 / + 0.162 X 10“^ 


per mol 

Frpm an earlier example, the apparent molecular weight of the producer gas 
is 25.18. Therefore, Cv per pound for this gas is 

C ^ 5.1543 0.000709/ 0.162X^10"^/^ 

25.18 25.18 ^ 25.18 

= 0.244 + 0.00028 / + 0.00643 X 10-’ 


Joule’s Law 

There is one more property of gases that must be discussed before we 
are ready to undertake the study of what happens when a gas changes 
state. This property is intrinsic energy, which on pages 41-42 was shown 
to be a point function and hence dependent on the coordinates. What 
we need to know now is: For a perfect gas, what is the precise nature of 
the dependence of intrinsic energy on the coordinates? This question 
was raised early in the nineteenth century and both Gay-Lussac and 
Joule independently investigated the matter experimentcdly. Joule used 
an appEiratus, represented in Fig. 4—7, in which a quantity of air was 
confined in a vessel + at high pressure and at the same temperature 
as that of the surrounding water bath W. The stopcock S was then 
opened and the air allowed to rush into the evacuated vessel B. The 
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temperature m A fell as a result of the expansion and consequent dc 
crease m intrinsic energy In B, the temperature mcrcascd because 
of the progressive compression But \shen pressure equilibrium was 
established between A and B, the temperature of the water bath, which 
measured the temperature of the system as a whole, was found to be 
inappreciably different from its initial value Joule concluded that there 



had been no heat flow to or from the confined air, i c , for the change 
svas 2cro Also, since the volume of the two vessels as a whole did not 
change, no effect on the surroundings resulted and so iJi\ was also zero 
Therefore, by the Non-Flow Equation, JiQf = A^’+ifFj A£ was 
also zero, and the expenment showed that the intrinsic energy of the 
air was the same whether it occupied both of the vessels or only one of 
them In short, the intrinsic energy of the air was independent of vol 
ume as well as pressure More refined experiments subsequent to 
Joule s have shown that for real gases there js a slight dependence of 
intnnsic energy upon volume which his apparatus was not sensitive 
enough to detect However, strict thermodynamic r asoning show's that 
Joule’s result is to be expected of a gas that obeys the Laws of Bo>lc 
w/d Ovarlts, v t , a pfeTfect. -gas 

By its nature, intrinsic energy vs a function of the coordinates, i c , 
E =s /(<, p) In Joule’s experiment both mtnnsic energy and tempera- 
ture remained constant, while the v'olumc mcreased very considerably 
Therefore, the important deduction can be made that /or e /rr/ro/ gar, 
tntnnstc energy depends only on the temperature This resul t is know'n as Joule’* 
Law Since temperature is the manifestation "of molecular motion, oil 
of the mtnnsic energy of a gas which follows Joule’s Law must be 
m the kinetic form Further, because molecular motion ceases onl> 
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at absolute zero, intrinsic energy must be a function of absolute tem- 
perature, i.e., E = /(r). 

Joule-Thomson Effect 

As we have seen before, the behavior of real gases deviates from that 
of a perfect gas and the deviation becomes more marked in the measure 
that conditions for liquefaction are approached. It is under such 
conditions that intermolecular forces 24) play an important role 

in determining the behavior of a gas. What happens is that the amount 
of intrinsic energy in the potential form increases as intermolecular dis- 
tances decrease. The quantitative measure of this effect is determined 
by a refinement of Joule’s apparatus with which he and Thomson made 
a long series of experiments in the period from 1852 to 1862. The object 
of the experiment was to make accurate determination of the tempera- 
ture of a gas before and after its free expansion through a porous plug. 
Because of the importance of the plug to the apparatus, the experiment 
is often known as the Porous Plug Experiment. The term ‘Tree expan- 
sion” means that no external mechanical work is done by the expanding 
gas. However, consideration must be given to pV^ the flow-work term, 
for the expanded gas certainly must provide space for itself during the 
expansion. 

'The arrangement of the apparatus used by Joule and Thomson is 
represented schematically in Fig, 4-8. Gas at a known uniform tem- 
perature and pressure is admitted to one end of a tube in which is 



placed a porous plug P, The gas finds its way through the plug to the 
region of lower pressure on the other side, where its temperature and 
pressure are again accurately measured. The whole apparatus is care- 
fully insulated so that the process is adiabatic and iQ;^ == 0. Because 
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the expansion is free, in\ w zero, and the fluid fnction can be comidwtd 
zero No chemical changes are mwlvcd and the \clocity of the gas on 
both sides of the plug is the same Abo there u no change m eJevaUon. 
Consequently, the General Energy Equation for the process per pound 
of medium is 

+ piVi + ei + Cl 4* ri + /i?i]-o = + PiVi + «» + fi + n 

+ 1 11 ^ 0 -0 

Cl + P\Vi *= r» 4* (in work units) 

Since cnthalp> h is defined as < 4- this may be further reduced to the 
simple statement 

hi = hi (m heat umts) 


This result shou's that in the Joule Thomson experiment it w tnthalpy^ 
rather than intrinsic energy, that remains constant If piVi is not equal 
to PtVt, there IS a change in intrinsic energy It ivould be mtural to 
expect that this m turn would result m a change in temperature The 
expectation is realized by the experimental measurements of Joule and 
Thomson and of others uho have uorked with stnular apparatus Wth 
only two exceptions, these measurements establish the fact that under 
ordinary conditions and whatever the nature of the gas the temperature 
in state 2 is less than that in state 1 However, the free expansion of 
hydrogen from 4 7 to 1 00 atmosphere at 10° C results in a slight tmeau 
of temperature Under approximately the same conditions of expansion 
helium also exhibits a similar heating effect The phenomenon of 
temperature change upon free expansion is known as the Joule-Thomson 

cfTcct and its quantitative measure, , is called the Joule-Thomson 

coefficient In practice, the effect occurs ivhcncver a medium is allowrd 
to go from a region of high pressure to one of low pressure ivithout per- 
forming external mechanical work For example, if one is operating a 
steam eng^nc^ he may control the speed by the throttle valv c The more 
the valve is closed, the greater is the pressure drop through it This is 
an exceedingly wasteful method of regulation, inasmuch as free expan 
sion is a highly irreversible process and so results in a decided increase in 
entropy Because the practical mamfcstation of the Joule Thomson 
effect IS so closely assoaated wth the action of a throttle valve, Jcce 
expansion is often called a throttling process The terra "wirc-drawng 
process” IS also used to denote the same type of change 
The explanation of the Joule-Thomson effect depends upon the 
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constancy of enthalpy during adiabatic free expansion. Enthalpy is the 
sum of the intrinsic energy and the product j&F, and for real gases these 
two factors do not depend upon the pressure in the same way. Of course, 
for a perfect gas, Joule’s Law shows that E depends only on temperature 
and so the change in E with pressure is zero. Also, Boyle’s Law requires 
that the product pV depend only on temperature. Its variation with 
pressure must therefore also be zero in the ideal case. Consequently, 
a perfect gas would not exhibit any Joule-Thomson effect. But for real 
gases the change of intrinsic energy with decrease in pressure always 
produces a cooling effect. The change in pV with a pressure drop may 
cause either a heating or a cooling effect in a real gas, depending upon 
the conditions of pressure and temperature (see Fig. 4~5). Since these 
two* effects may be of different sign or different magnitude or both, the 
observed Joule-Thomson effect may be either heating, cooling, or, in the 
limiting case, entirely non-existent. For any given gas there is a tem- 
perature, called the temperature of inversion^ at which the effects resulting 
from a change in E and inpV cancel each other and the Joule-Thomson 
coefficient is zero. Below its temperature of inversion, a gas is cooled 
by free expansion. Above that temperature, a heating effect results. 
Certain inversion temperatures have been experimentally determined 
and have been found to agree reasonably well with the values predicted 
by the theory. Olzewski found the temperature of inversion for hydrogen 
to be — 80.5° C, Below that temperature and in accord with the theory, 
hydrogen exhibited the same cooling effect upon free expansion as that 
shown by other gases at room temperatures. The inversion temperature 
for helium has been observed to be — 233° C. Hence it is not surprising 
that at room temperature helium exhibits a heating effect when per- 
mitted to expand freely. 

Linde Process for the Liquefaction of Gases 

The Joule-Thomson effect is applied practically in the Linde process 
for the liquefaction of gases. The industrial uses of liquefied gases have 
increased enormously in the last two decades and the preparation of such 
liquids has now become a major technical industry. In the Linde 
process (Fig. 4-9), gas is compressed to a high pressure (e.g., 200 atm) 
and is then passed through a cooling device C fitted with a coil of pipe 
through which water is circulated- Heat is abstracted from the gas 
in this apparatus and its temperature is thereby reduced. The pressure 
remains high, however, as the stream of gas flows along the pipe to an 
expansion valve E, through which it expands freely to a region of low 
pressure (approximately 50 atm). If the temperature of the gas at this 
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point IS Ixlow Its inversion temperature, the Joule Thomson cfTect 
causes the expansion to be accompanied by a sharp drop in temperature 
The cooled gas then flow’s back to the compressor intake m an annular 
space surrounding the pipe through which it was dclnered to the \alvc 



Fic 4-9 Arrangpmeni of Appantui of the Linde Procesj for 
Liquefact on of A r 

Because of its low temperature, the expanded gas absorbs heat from the 
stream of high pressure gas which it surrounds until an equilibrium 
temperature is reached The lots pressure gas then returns to the com 
pressor, where it is again compressed and (he cyxle is repeated The 
abstraction of heat from the high pressure stream of gas results m a 
lowering of its temperature even before its expansion Consequent!), 
when m ns turn it passes through the expansion valve, the tcmpcraluTC 
drop of the Joule Thomson effect results in the achievement of a defi 
mtcl) lower temperature than before As the gas goes round and round 
through this c^xle, the temperature at the exit from the expansion valv c 
becomes progressively lower Eventually it reaches the temperature of 
liquefaction corresponding to the pressure existing on the low pressure 
side of the valve When this point is reached a fraction of the gas 
expanded through the valve is liquefied, the remainder, which is live 
larger part, returns to the compressor as before and serves to precool 
the gas about to be expanded After liquefaction begins the amount 
of gas condensed represents a loss of medium so far as the events of the 
cycle arc concerned Tf this progressive loss were to continue, the com 
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pressor would soon fail to maintain its delivery pressure and this in 
turn would mean that the temperature of liquefaction could not be 
maintained. Consequently, additional gas, equal in amount to that 
condensed, is continuously pumped into the apparatus from the outside 
through the valve F. Under these conditions there is a steady output 
of liquefied gas which is drawn off* through the stopcock S, 

Gaseous Change of State 

The object of the first three chapters of this book was to give a thor- 
ough understanding of the laws governing the transformation of heat 
energy. Up to now, the aim of the present chapter has been to present 
the characteristic properties of an important class of media, the gases. 
We are now ready to merge these two aims into the single one of deter- 
mining ways of evaluating the amount of each of the several types of 
energy involved in the change of state of a gas. Naturally, any formula 
for such evaluation amounts to the application of a general principle to a 
specific case and so depends jointly on the laws of thermodynamics and 
on the' characteristic properties of the medium. For the sake of sim- 
plifying the analysis as much as possible, we shall first make this applica- 
tion to non-flow processes. Also, we shall make it in terms of the five 
limiting changes of state most frequently encountered, i.e., constant- 
volume, constant-pressure, isothermal, adiabatic, and polytropic proc- 
esses. Finally, we shall consider that the Perfect Gas Law is the char- 
acteristic equation of a real gas, meanwhile keeping clearly in mind the 
probable deviation of fact from this assumption. 

Non-Flow Constant-Volume Change of State of a Perfect Gas 

Each of the limiting types of change is conveniently described in 
terms of p and V by assigning the proper value to the exponent n in the 
equation j&F" = const. For a constant-volume change, n must be such 
that the exponent of p becomes zero and that of V becomes 1 . These 
conditions are met by taking the nth root of both sides of the equation, 
thus ^ 

pW (const) « = K (another const) 

In order that the exponent of p shall be zero, n must be infinite. Thus 

p^V = K 
pW = K 
or V = K 

Consequently, a constant-volume change is characterized by the fact 
that n = 00 in the equation pV" — const. 
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A non flow constant V’olumc change of state of any medium also has 
the characteristic that u results m no txtanal work being done (sec page 3S) 
This conclusion is quickly established when it is considered that 



For a constant volume change dV equals zero, and so iFFi *=» /‘pdFalso 
equals zero As a necessary result, the Non Flow Ener^ Equauon for 
such a change is 

= (Ks ~ El) + ilF0-« 

JiQ, = E, - E, 

From the definition of r,, the heat added dunng a constant volume 
change is 

•fiQ* = /AfCtCTi — Fi) in work umts 
In this expression c, ts considered to be a constant and M is used to denote 
the number of pounds of gas involved in the change By substitution m 
the preceding expression, it follows that for M Ib of gas 


E, - E, = AE ^ iAfc.(r» - Ti) 


It IS worth pointing out that this equation is m strict accord ivith Joule’s 
Law that the intnnsic energy of a perfect gas depends on the temperature 
Since It 13 assumed that the gas obeys the Perfect Gas Law, the 
equation for AE may he expressed in terms of p and V by use of the 
relationship pF = AIBT Thus 


Ti ■- 


MB 

= JMc, ^ 

JAfe, pjVi - 


MB 


A1 


B 


Since the difference of the molal specific heats C, and CV ** E 
2 (approx) Btu per lb mol per ° R, the difference between e, and c,per 

pound IS ~ s= “ (m = molecular weight, B in work units per pound) 


= f “ 


B - /(c, - cj 


If this value for B is substituted in the expression for Ei 
results 


- £,, there 


E, - El = Jc, 


- PxV{ ] 
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Dividing numerator and denominator by Cx, 

Ei- El == rMi 


137 


- 1 


The ratio — is widely used in the experimental study of specific heat. 

Cv 

Indeed, it is more practicable to make accurate measurements of Cp and 
the ratio ~ and then compute Cv than it is to measure directly. Be- 

cause of this and because of its frequent occurrence in thermodynamics 

generally, the ratio — is conventionally designated by the single letter 
k, i.c. 


With this simplification, the intrinsic energy equation in terms of F, 

s - - t-l 


Since intrinsic energy is a point function, its change AE = E 2 Ex is 
quite independent of the path over which the change is made. This is shown in 
Fig. 4-10. Because E of a perfect gas is a function of temperature only, 



the value of E is the same at any state point on the isothermal Ti. Sup- 
pose that it has the constant value of Ei = 1 500 ft-lb. Along the isother- 
mal T 2 y the value of E is also constant, but because T 2 represents a 
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higher temperature than Ti, its amount is greater than before Sup* 
pose that for the state points on Tj the \aluc of B is constant at £» « 
2000 ft lb Then for each of the changes d~b, o-b the change in 
intnnsic energy is exactly the same, e g 

= 2000 ~ 1500 = 500 ft Ib 

Hence the type of change is of no impxirtancc in the determination of 
intrinsic energy change From the point of \acw of obtaining a formula 
for AE of a perfect gas, the constant-\oIume change is much the easiest 
to stud) Thus the abo\c expression, although dcn\cd for a constant 
volume change, is laltd Jot a non Jlow change oj a perfect gas of any character 
uhatsoetvr 

As a result of the foregoing analy'sis, the detailed application of the Non- 
Flow Energy Equation to the constant volume change of a perfect gas is 

JMcriTt - Ti) = * + 0 

The use of these relationships is illustrated by the followang example 
Example 

Three lb of nitrogen in a container at a pressure of 100 lb per sq m abs 
and temperature of 60® F arc heated at constant volume until the pressure u 
250 lb per sq in abs 

€, *= 0 244 f , = 0 173 

(a) What IS the volume of the container’ (b) \Miat is the amount of heat 
added’ 


Solution 


(a) The volume of the container may be determined from pV = MBT, in 
which 


„ 1544 1544 

^ 

molwtNj 28 
p = lOO lb per sq in = 
7” = 60 + 460 “ 520“ R 
M = 3 


= 55 2 ft lb per lb per “ R 
100 X 144 lb per sq ft abs 


By subsUtution of these values 


3 X 55 2 X 520 
100 X 144 


5 97 cu ft 


(b) The amount of heat added may be computed m tvv’O way** The first, 
which u easier, is to detenmne the fin j temperature Ts from the relation 




Tt r, 
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and substitute it and the initial temperature Tx, togethfer with the value of c^, 
in the formula = Mc^iTi — Ti) 

Then - = 3 X 0.173(1300 - 520) = 405 Btu 


The second method of determining iQj^ is to determine the change in intrinsic 
energy from the expression 


AE = Ez ^ E\ = (in work units) 

, A — 1 


The result, when converted into heat units by dividing by /, is equal to iQ ;2 by 


the analysis given in the preceding paragraph. 


p 2 = 250 X 144 lb per sq ft abs 
pi = 100 X 144 lb per sq ft abs 

72 = Fi = 5.97 cu ft 

= 0-24^ = 1.41 
c, 0.173 

Hence 

, „ 5.97(250 X 144 - 100 X 144) 

= 1.41 - 1 


= = 315,000 ft-lb 

0.41 ’ 

or 

1 Q 2 = AjE = — 405 3 tu gs before 

^ 778 


All of the foregoing paragraph is essentially concerned with the 
application of the First Law of Thermodynamics to a constant-volume 
change. In our discussion of the Second Law, we emphasized the fact 
that, so far as computation is concerned, it is the entropy change of the 
medium which leads to definite information concerning maximum 
availability. Therefore, in order to complete our application of the 
general laws to a specific change of state of a particular medium, we 
must give the means for determining entropy change. For a reversible. 
constant-volume change of a gas, this is readily computed from 



rTx 

AS ==S2 - Si ^ 

For a constant-volume change 

dd = Mc^ dT 

rr 

AS^l 

jTi 


Me, dT 


SQ, 

T 


Therefore 

and if c, is constant 


AS = Me, log. ^ 
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From the Perfect Gal Law, if V is constant 

Ti Tt 

So h b 

r, p, 

Hence, the expression for AS may be given m terms of pi and Pt, thus 


AS — Me, log, 




Non Flow Constant Ptetture Change of State of a Petfeel Goi 

A constant pressure change is described very simply by the equation 
p — const In order to reduce pV* — const to this form, the S’alue of n 
must be zero Thus 

pl^ = const 
p ~ const 

Consequently, a constant pressure change is characterized by n = 0 m 
pF* = const 

Let us now consider the evaluation of the terms of the Non Flow 
Energy Equation for a constant pressure change of state of a gas In 
terms of the temperature change, the heat iQj added or abstracted is 

■fif^i = JMc,{Tt — Ti) (m work units) ^ 

The intrinsic energy change is independent, of the nature of the 
change and the formula for it is the same as for the constant stilume 
change i c 

A£ = £j — £i *= * (in svork units) 


or, since by the conditions of the change p* = Pi 


AE = 


P{V* - Vx) 
k - 1 


In terms of temperature, AE is given by 
AE - - Ti) 

The work done dunng an isopiestic change is represented graphically 
b> the area on the pV plane under the straight line p const Tl«s 
area is seen at once to be equivalent iop{Vi — I'l), a result that is easily 

fVt 

verified by evaluating the work function I pdV with p constant Thus 
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= fi i dV when p is constant 

Jyy. 

= p{V2 - FO 

Then, in terms of the coordinates, the Non-Flow Energy Equation 
for a constant-pressure change of a gas is 

JMcp{T 2 — Ti) = + p{V 2 — Fi) (in work units) 

AE ' ^ 

or JMc^{T 2 - Ti) = JMc,{T 2 - Ti) + piV^ - Fi) 

It is to be noted by reference to Fig. 4-2 (page 109) that reduction of 
volume at a constant pressure results in decreased temperature. There- 
fore, for such a change, the value of Tz in the above expression is less 
than that of Ti. Consequently the term JMcp(T 2 — Ti) is minus. 
This means that the reduction of volume of a gas at constant pressure 
requires the abstraction of heat. Conversely, when volume is increased 
at constant pressure, heat must be added. 

The temperature change during a non-flow constant-pressure process 
also indicates the nature of the intrinsic energy change. By reference to 
the expression for AE in terms of temperature 

AE = JMc.iTz - Ti) 

it follows at once that a constant-pressure reduction of volume results 
in a decrease in intrinsic energy, because for such a process ^2 is less than 
T\, The converse result naturally follows when the volume is increased 
at constant pressure. 

These thoughts may be summarized by saying that when volume is 
reduced at constant pressure, the heat rejected is equivalent to the sum 
of the decrease in intrinsic energy and of the work done on the system. 
When volume is increased at constant pressure, heat must be supplied 
equivalent to the sum of the increase in intrinsic energy and the work 
done by the medium. Of course the latter statement is directly implied 
by the definition of Cp, 

Example 

Six lb of air are reduced in volume from 10.2 cu ft to 5.8 cu ft at a constant 
pressure of 130 lb per sq in. abs. (a) How much work must be done on the 
medium? (b) How much heat must be rejected? 
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A/ «= 6 lb 

« /s = 130 lb per sq m or 130 X 144 lb per sq ft abs 
Vi « 10 2 cu ft 
= 5 8 cu ft 

Ti = » 

7, 

5 = 53 35 ft lb per lb per “ R 
•= 0 24 Btu per lb per “ F 

* = 14 

r* 

(a) The work done in eficcting the reduction m V'olutne is given by 
iIKi = p{Vi — I'l) and this should be minus since »*ork was done on the gas 
SubsUtution of the gisen data gives 

iir, « 130 X 144(5 8 - 10 2) 

= “ 82,500 ft lb 

(b) The heat abstracted dunng the process may be obtained in two wap 
The easier method in this instance is to determine &E and combine it with ill t 
to obtain /jQj thus 

_ 206.200 ft Ib 

* — 1 14 — 1 

Then since /iQs = + iIKi 

the value of iQj for this process is 

„ A£+,ir* - 206 200 - 82 500 

.e, j • 

= - 371 5 Btu 

The heat abstracted may also be found from the determination of Ti and Tt 
and substituuon m 

JMc,{Ti - TO “ JiQa 

Substitution of known values in pV = MBT yields 7i, thus 
130 X 144 X 10 2 6 X 53 35 X r, 

Ti = 598“ R or 138“ F 

The final temperature may be determined in the same way, but less arithmetic 
u involved if Charles J>aw is applied 
1 % Tt 
V, ^ Ti 
102 ^ 598 
58 ” Tj 

Tt - 339“ R or - 121* F 
Then iQs » 6 X 0 24(339 - 598) 

« - 372 Btu 

The agreement of this result with that previously obtained is svell within the 
probable error in the data and the constants used 
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The entropy change of a gas resulting from the flow of heat accom- 
panying a reversible constant-pressure process is readily obtained from 

T 

For a constant-pressure process 6Q, = Mcj, dT, and so 

dS = M L vdT 
T 

If Cp is constant, this is easily integrated to obtain A*?, thus 
M = ii/cpiog,p 

jTi -t i 1 

T V 

Since by Charles’ Law ^ “ yr when p is constant, AS is also given by 

AS==Mc^\ogJ^ 

Vl 

If Cp is variable and is given by an equation of the form 

a + bT + cr- 

each term of the specific heat equation must of course- be integrated 
with respect to F, i.e. 


dT 


pVtt Const 


ij . M M r-ii±sT^ 

JTx T JT\ T 

= M[«(loge|2j -1- 6(r, - Ti) + I {Ti - 
/ 

Non-Flow Isothermal Change of Stale of a 
Perfect Gas 

It \vill be recalled that Boyle’s Law 
for the pressure-volume relation of a 
perfect gas specified that the law is 
valid when the temperature remains 
constant But this is precisely the 
condition that defines an isothermal 
change of state* Therefore, the equa- 
tion in p and V which represents the 
isothermal change of state of a gas is 
pF = const (Fig. 4-11). This expres- 
sion may be obtained frompF" = const 
if rt is taken equal to 1 ; hence « = 1 

may be said to characterize the isothermal change of a gas. The value 
rz == 1 does not indicate an isothermal change of any other medium^ for Boyle’s 


IsothennAl Change for a. PerfSset Gaft 
Fig. 4^11. 
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Law IS valid only for a perfect gas In general, the equation of 
the isothermal change of any substance is determined by making die 
temperature term constant m the characteristic equation of that sub- 
stance Hence, for a gas of complicated structure or for a \apor, the 
/►F equation for the isothermal change is not so simple as is that for a 
perfect gas, as may be readily appreciated from the complexity of the 
characteristic equations of such media 

In applying the Non-Flow Energy Equation to an isothermal change 
of a gas, there is immediate difficulty in evaluating iQj Since T is 
constant, the use of r, or r,, as in the nw preceding types of change, has 
no meaning There is a way out of this predicament, however, which is 
provided by the means available for evaluating the other terms of the 
equation \Vc shall therefore leave the question of evaluating iQj for a 
moment and consider the determination of and iIF* 

By Joule’s Law, the intrinsic energy change of a gas ivhich follows the 
law pV — nRT depends only on the absolute temperature In the change 
now under consideration the medium is assumed to obey Joule’s Law 
and the temperature is constant Therefore, the stock of inlnnsic energy 
IS constant during the change, i e , AE = 0 
We already have deduced a formula for iIFs in terms of p and Ffor a 
change characterized by the value n = 1 in the equation pV* o const 
(pages 44—46) But this value of n is precisely the distinguishing feature 
of the pV equation for the isothermal change of a perfect gas Conse- 
quently, the formula for ill’i previously obtained is directly applicable 
to the present case, that is 

iIF* = piFi log, ~ or piVt log, ~ 

1 1 1 1 

or “/iiFilog,^ or PiFjlog,^ 

pi pi 

We arc now ready to return to the evaluation of 1(^1 Substitution of 
the known values of AE and i IF* for the change in the Non-Flow Energy 
Equation yields 

7 , 0 , = 0 +PxVi\oz.^ 
or iQi ^ log, 

The result shows that for a reversible non flow isothermal change of a 
gas the heat flow is equivalent to and has the same sign as the mechanical 
work performed 
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Example 

Five lb of nitrogen at 90° F expand at constant temperature from 168 lb per 
sq in. abs to 23 lb per sq in. gage, (a) How much work is done? (b) What arc 
the sign and amount of heat flow accompanying the change? 

Solution 

(a) = 168 X 144 lb per sq ft abs 

F, =? 

/>2 “ 23 X 144 lb per sq ft gage or (23 + 14.7) X 144 Ib 
per sq ft abs 
Af - 5 lb 

B = m for Nj = 28 
m 

= = 55.2 ft-lb per lb per ° R 

/ = 90° F 

T 2 -- 90° + 460° = 550° R 

The initial volume may be obtained from the equation 
PiVi = MBTi 

168 X 144 X Fi = 5 X 55.2 X 550 
Vi = 6.28 cu ft 

= volume of 5 lb of N 2 in state 1 

Since the statement of the problem gives initial and final pressures rather than 
volumes, the expression for ifVz is 

wr . rr 1 168 

iWi = 168 X 144 X 6.28 X 2.3 X 

= 168 X 144 X 6.28 X 2.3 X 0.649 
= 226,000 ft-lb 

The solution might have been obtained even more easily by use of the equality 
between and MBTi. Thus 

JVt = p.Vilos,^ 
pi 

but PiVi = MBTi 

so iW2 = MBTi\osA 

pi 

.and jPTj = 5 X 55.2 X 550 X log. ^ 

= 5 X 55.2 X 550 X 2.3 X 0.649 
= 226,000 ft-lb as before 

(b) Since intrinsic energy change is zero for the isothermal process, the heat 
flow is equivalent to the work done. Also, because the process is an expan- 
sion, work is done by the medium on the surroundings and therefore is plus. 
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The sign of iQj must then also be plus sshtch indicates that die wrk of expan 
non was done wholly at the expense of heat added ^vh^le the change took place. 
/iQj = 0 + iir, 

== 226 000 

iQa 290 5Btu 

The simple definition of entropy yields a direct means of computing 
the entropy change which accompanies any revernble isothfrmal change 
of state For a non flo^v isothermal change of state of a perfect gas 

Therefore, for such a change 

T JT 

Since PiFi <= MBTi 

^ = MB 

u hence A 5 = ^ log, {7 = ^ log. ^ 


Non Flow Adiabatic Change of State of a Perfect Gas 
Our first concern is to determine the particular form of the equation 
pV* ~ const which designates an adiabatic change of state of a perfect 
gas We shall also consider that the change is TevernbUf thus eliminating 
the possibility of internal as well as external heat flow For such a change 
iQ^ IS zero by definition and so the Non Flow Energy Equation becomes 
0 = AE + iir* 

or, for a difTcrcntial change per pound of medium 
0 = d? + 

= Jc,dT + pdv 

Now if we can express this equation in bvo vanablcs instead of three, 
the result svill integrate to an expression that will designate an adiabatic 
change There is no difficulty m doing this forF is certainly a function of 
p and V ^Vc also want the final result to apply specifically to the adia 
batic change 0/ a gas Consequently, wc use the chaTaclertsiie eqvsttm oj a 
gas to obtain the desired relationship for T in terms of p and V Then, 
per pound of gas 

pv = BT 

pda + = BdT 

,nd 
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Substituting this relationship for dT \xi the preceding equation gives 

or Jcvipdv + vdp) + Bpdv = 0 

or Jc^vdp + {Jc^ + B)pdv = 0 

On page 136 it was demonstrated that B = J{cp ~ and when this 
value of B is substituted in the differential equation, it becomes 

Jcvvdp + {Jcv + Jcp — Jcv)pdv = 0 
The equation may be further simplified by dividing through by 
Then, remembering that — = /t, we have 

C-o 

vdp + kpdv = 0 

The variables of this equation may be readily separated, i,e. 

^ + ^^ = 0 

and it may then be directly integrated. It is considered that k is con- 
stant, which it is for a perfect gas. 

loge/^ + k loge V — C {z. constant) 

Since the addition of logarithms implies the multiplication of factors 

lOge {pV^) == C = loge (const) 

The antilogarithm of both sides of this equation yields an equation of 
the desired form, thus 

pv^ = const 

Hence, a non-flow adiabatic change of a perfect gas is characterized by 
the value n = ~ for the exponent inpV^ = const. 

In order to gain a clear conception of the relationship between pressure 
and volume during the adiabatic change of a perfect gas it is worth 
while to graph the equation as shown in Fig. 4~'12. Suppose that air is 
compressed from an initial pressure of 10 lb per sq in. abs and an initial 
volume of 2 cu ft to a pressure of 30 lb per sq in. abs. Since the value of 
k for air is 1.4, the value of the constant in the adiabatic relationship is 
10 X 2^*^ = 27. The volume in the second state may be determined 
from the equation, thus 

30 X - 27 

Fs = 0.926 cu ft 
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These figures show that dunng an adiabatic change of a perfect gas 
the TOlumc changes m a less proportion than does the pressure. In the 
illustration, a threefold increase in pressure results in little more than a 
twofold decrease m volume The same type of variation is exhibited by 



Fic. 4-12. Cune of Ad aba tic Change for Gai and ComparUon 
with Cune of Isothermal Change 


any adiabatic change of a gas, because c, is alivays greater than r, and 
so A: IS always greater than 1 Consequently the curve representing such 
a change is steeper than the equilateral hyperbola representing the 
Boyle’s Law equation, le ,pV const 
The difTcrcntial equation from which /P »= const was obtained might 
just as well have been expressed in terms of T and / or T" and V. Had 
this been done, the resulting equation would have 

T'j/t-i ^ const in the first case, and 
Tp^ = const in the second 

Although Ml IS valid for a gaseous change of state of any 

4 1 -*1 

character, there arc times when the data are insuffiacnt to make it of 
any use. In such cases, uhen the change ts a reversible adiabatic, the abo\'c 
relations wall be found decidedly useful They may be combined with 
pP « const to give the homogijncous expression 
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The evaluation of the terms of the Non-Flow Energy Equation for 
an adiabatic change of a gas is a simple matter. The heat flow 1 Q 2 is 
zero by the definition of the change. For reasons already given, the 
formula for intrinsic energy change is the same as for other gaseous 
changes of state, i.e. 


AE = 


piVj — p\V\ 
k - 1 


Consequently, the formula for \Wi may be obtained thus 

1W2 


0 = ~ + 

A - 1 ^ 

= — ~ plVj _ P2V2 — PlVl 


1W2 


1 


1 - k 


Expressed otherwise, this result means that anj work done during a non-flow 
adiabatic change is equivalent to the negative of the intrinsic energy change of the 
piocess. The expression for 1 W 2 might also have been obtained by inte- 
grating the work function \W 2 = SpdV over the path pV^ ^ const. 
We have already carried out this integration (pages 45-46) for the 
typical path = const, when n has a value other than 1. Since k is 
always greater than 1, the result previously obtained is entirely valid ^ 
here if k is substituted for n. The formula obtained on page 4*6 is 

1 — n 


With k substituted for n, we have 

xW^ = as obtained above 

1 — Ar 


Example 

Four cu ft of air at 80 lb per sq in. gage pressure are expanded without loss 
or gain of heat to a pressure of 15 lb per sq in. abs. How much work is done? 


Solution 

= 80 + 14.7 = 94.7 lb per sq in. abs or 94.7 X 144 lb per sq ft abs 
Fi = 4 cu ft 

p% = 15 lb per sq in. abs or 15 X 144 lb per sq ft abs 
Fs-? 

A.,, = ^ = 1.4 
c. 


The second volume, Vi, may be readily determined from the equation ^ F* = 
const. Thus 




■ ptVJ 
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Substituting, w'c ha\*e 

94 7 X 144 _ /VtV* 
15X144 '’\4/ 

f#-? 

. Vr 


Hence 


37 E 


Kj - 14 8 cu ft 

SubstituDon of this value, together with the given data, m the adiabatic work 
equation gives 

. ^5 X 144 X 14 8 - 94 7 X 144 X4 
1-14 

^ 32,000 - 54,500 

■ — 56,250 ft lb 
— 0 4 


iir, . 


When tve come to apply the Second Law of Thermodynamics to the 
change under discussion wx arc considerably aided by the previous dis- 
cussion of rcscrsiblc adiabatic processes (page 72) It was there estab- 
lished that such a process is characterized by constancy of entropy, i e 
AS=0 


There is no heat flosv, internally or externally, m a rcscrsiblc adia- 
batic change Consequently, when a gas is compressed by such a proc- 
ess, there is no change in the acailability of the \sork done on the system. 
Upon reversible expansion, all of the energy stored as mtnnsic energy 
IS available for the performance of external si-ork This is true svhctlier 
or not the medium is a gas The conclusion is therefore general rather 
than specific m nature As such, it must be carefully distinguished from 
the considerable number of relationships which l^ve set forth 
m this chapter and which pertain onlj to gases 


Hw. of State ol a PetUdlGoi 

Since the poly tropic change of state is the one most frequently en- 
countered in actual thermodynamic cyxJes, the study of the application 
of the First and Second Laws to it is of considerable practical significancc. 
By dcfimtion (pages 38-39) a non-flow polylropic change is rot character- 
ized by the constancy of any coordinate (see Fig 4-13) It is therefore 
fruitless to make any attempt to den^ the value of « m pV* *» const 
which designates iL Actual cxpcnmcntal measurement of p and V at 
hs*o different state points of the change u the only basis upon which n 
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for this change can be determined. The computation of n from these 
data is then made by the method given on page 39; the result will be 
different for different conditions of p and V, It is assumed that the value 
of n determined in this way is constant throughout the change^ an assumption 



Fig. 4-13. Cun*e of Pol)tropic Change for Gas and 
Comparison ^v^th Curves of Adiabatic and Isothermal 
Changes. 


which is usually in accord with the facts. In conclusion, then, a non-flow 
polytropic change may be characterised by any constant value of n in pV“ = const- 
The combination olpV^ = const with the characteristic equation of a 
- perfect gas, pV — MBT, makes it possible to obtain the following equa- 
tions which describe the polytropic change of a gas in terms of T and V 
and T and p respectively: 


and 


= const 

_ l~n 

Tp n = const 


These equations are the same as the corresponding ones for the adia- 
batic change, except that n is everywhere substituted for k. As with the 
adiabatic equations, the present ones may be combined into the homo- 
geneous relationship 


h 



The usefulness of these relationships may be illustrated as follows. 
Suppose that a gas changes state according to the equation const. 
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The initial temperature Tx and the pressure ^>1 arc known, as is also the 
final pressure />* The only ii-ay of determining the final temperature Tt 
with these data is by means of the relation 

h 

Tt 

which, since n <= 1 25, becomes 




The terms of the Non-Flow Energy Equation for a non-flow poly’tropic 
change of a perfect gas arc best evaluated by dealing first ivith AE and 
lilt This IS so because the evaluation of iCJs m terms of temperature 
requires knowledge of the specific heat for the process, which i$ as 
y et unknown We shall see, how ever, that a formula for r» may be deter- 
mined by consideration of all the energy quantities inTOKed m the 
change 

As for any change of a perfect gas, AE is given by 


We have already evaluated ilfj =y*/'rfrfor a change designated 
by pV* = const, with n having a constant value other than 1 (page 45) 
This is exactly the condition that describes the change noiv being con- 
sidered TTiereforc iIFi for the non flow polytropic chxmge of t perfect 
gas IS given by 


Great care should be taken to distingxush clearly between this formula 
and the one for AE In the denominator of the expression for AE is the 

factor ky which equals ^ and is a Single value conn ant for a perfect gas 

Ite viivK. tiM Tatfor-g ^ wwd/K cowykratinn 

The factor n in the denominator of the formula for jIF* depends uhally 
on the nature of the change, and for a polytropic change has a VTilue 
detemuned by experiment for that particular change alone 
When the formulas obtained for AE and jlF* arc substituted m the 
Non-Floiv Energy Equation, there r«ulis 
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The equation may be simplified by factoring out the common quantity 
(piV^ — piV\). Then 

= ir-iiil-n) ~ 

It is now an easy matter to establish, in terms of k and n, the ratio 
between iJV^ and AE, 1 W 2 and JiQ^ 2 , or JiQji and AE for a polytropic 
process, all of which are frequently used relationships. Thus 

P2V2 — piVi 



1 - n , A - 1 


AE 

p^Vi — piVi 1 — n 

k - 1 


iW^ 

piVi — piVi 

1 - n 

k - 1 

Jj.Q.2 

1 

i 

k-n 

{k - 1)(1 - n) 

(k - n)(p,Vi - PlV^) 



JiQa _ 

(k - 1)(1 - n) 

k — n 

AE 

P 2 V 2 — p\V\ 
k - 1 

1 — n 


Moreover, the equation for in terms of p, F, k, and n may 
readily be transformed into one in terms of mass, temperature, and 
specific heat by the application of the characteristic equation pV = 
MET, Thus 

p^Vx = MBTx] P2V2 = MBT2 

jQc-n) 

or iQ^ = M (Ti - Ti) 

Since in general iQjt — Mc(T 2 — Ti), in which c is the specific heat for 
the process^ it follows that for a non-flow polytropic change of a gas, the 
specific heat for the process c^ is given by 

^ j{k-n) 

(A:-l)(l -n) 
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This ma> be simplified by use of the relations 

7 *= (f, - r.) and it - ^ 

J C9 

jB 

Then ^ ^ - - 


1 




Consequently 




Therefore the value of the specific heat for a gaseous polytropic process 
may be computed from knowledge of r,, the ratio and the value of 

the cxpxjncnt n With the value of e, obtained in this manner, iQ^ may 
be directly computed by substitution in 

idx =■ Mc.iT, - r.) 


For values of n between 1 and e, is evidently negative This result 
may appear startling at first, but a little study shou-s that it is perfectly 
reasonable Take, for example, polytropic expansion, ivith 1 < n < k 
The \rork done b^ the medium represents a greater amount of energy 
than docs the heat added dunng the process by the ratio 

JF, k-\ 

Ji(li ^ k-n 

Tlic difference must be supplied at the expense of a decrease in the store 
of intrinsic energy A decrease m intrinsic energy means a decrease in 
temperature Consequently, even though heat is supplied dunng the 
process, the temperature falls, and therefore the specific heat for the 
process is negative 

The use of the vanous formulas for the non flow polytropic change of 
a perfect gas is illustrated in the following example 


Example 

A polytropic line on a diagram represents the expansion of 2 lb of oxi”gen 
In the initial state the pressure is 100 lb per sq in abs, and the volume « 4 cu fu 
In the final state the pressure is 5 lb per sq in gage and the volume u 15 cu ft 
( 3 ) How much work is done’ (b) What are the amount and sign of the change 
m intnnsic energy* (c) Is heat added or withdrawn and in what amount’ 
(d) WTiat o the speafic heat r. for the process’ 
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Solution 

pi = 100 lb per sq in. abs, or 100 X 144 lb per sq ft abs 


155 


Fi = 4 cu ft 

= (5 + 14.7) lb per sq in. abs = 19.7 X 144 lb per sq ft abs 
Vi = 15 cu ft 

^ 0 , = 1.4 ' - 

Cr = 0.16 

B = = 48.25 


_ log /’I - log pi ^ 
log V- - log Vi 


log 


pi 

pi _ , 


logi 


100 X 144 
19.7 X 144 


log 


Vi 


T 15 

logjo J 


0.7055 

0.574 


= 1.23 


(a) iIFj (poly tropic) = 

1 — n 

19.7 X 144 X 15 - 100 X 144 X 4 


(b) 


1 - 1.23 

= 14^(19.7 X 15 - 100 X 4) 

1 -.1.23- 

- 0.23 • * 

= 65,500 ft-lb 

^ pzVi - piVi _ 19.7 X 144 X 15 


too X 144 X 4 


k - 1 
15,040 


1.4 - 1 


= - 37,600 ft-lb 


+ 0.4 

Hence AE decreases by 37,600 ft-lb. 

(c) The amount and nature of the heat flow may be obtained quickly from 
the algebraic sum of AE cind thus 

/iQ, = - 37,600 + 65,500 = 27,900 ft-lb 

iQ? = ^^=+35.9 Btu 


or 


778 


This result means that 35.9 Btu must be added during the expansion. 

(d) 


Cn = rp ; = 0.16 


1-n 
0.16 X 0.17 


1 - 1.23 
0.0272 


= -0.118 


- 0.23 - 0.23 

It is instructive to use this value of Cn to compute the heat flo^v and thereby 
check the result obtained in (c). The initial and final temperature may be 
found from pV ^ MB T. 

PxVi = MBTi pzVo = MBTi 

100 X 144 X 4 = 2 X 48.25 X Tu 19.7 X 144 X 15 = 2 X 48.25 X Tt 

Ti = 597® R ^2 = 442® R 
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Then, by subsutuuon m iQ^ «» Mcn{Tt — TO 

,£i, = 2 X (- 0 n8)(442 - 597) 

-.+ 36 5Btu 

The agreement of this result with the preceding one u within the error in the 
values of c, and k which were used 


As for an) reversible change, the application of the Second Law to a 
non flow reversible polytropic change inixilvcs only the determination of 
an expression which will permit computation of the entropy change of 
the medium for the process From this information and knowledge of 
the lowest available constant temperature to which a c)'clc involving the 
process could reject heat, it is possible to determine at once the avail 
abiht) of the heat added Since the temperature changes during a 
jjolytropic change, wc must start with the differential expression for 
entropy change, i c 


dS 


T 


For a polytropic process, 5(2. “ Mc^ dT 


Then dS 

If c, IS constant 

AS 


Mc^dT 

T 




* Afc.log, 


* Ti 


When 1 < n < Ft 13 less than 7*1 and so log. ^ is minus But under 

Ti 

these conditions c, is also minus and so AS is plus as it must be whenever 
heat is added to a medium 


The student will find it profitable to gather together the various for- 
mulas for non flow gaseous change of state and record them in the indi- 
cated spaces in Table 4~3 



Table 4 - 3 . Non-Flow Changes of State ‘of a Perfect Gas 
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CJ 

to - 

g 

u- ' 

^ T3 

W C.Q 

11 

C <3 

pa 





- 

External Work 

rVi 

^W2 






* Change in In- 
trinsic Energy 
aE = E2 - El 1 

1 

1 






Heat Added or 
Abstracted iQji, 


1 

i 

1 



Relationship Be- 
tween Coordinates 
of Initial and 
Final State Points 

1 

i 

1 

1 

i 

i 

1 

i 

1 


Value of Ex- 
ponent n in 
jbF" = const 






Nature of Change 


1 

1 

i 

i 
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PROBLEMS 

1 ^Vhat 15 a charactemtic equation, and how u it determined’ 

2 The weight of air under normal pressure and temperature is 00S071 lb 
per cu ft Compute the gis constant for air 

3 The compressibility factor of Ni at I atm and 0® G is 0 999 At a pressure 
of 50 atm and - 50® C it is 0 94 It u desired to ha\c 10 liters of the gas in 
the latter condition Compute (a) the u eight of nitrogen present, (b) the 
a'olume this quaniuy of Ni occupies at standard conditions m cgs units 
I? = 82 06 cc atm per mol per ° K 

4 If/? for air is 53 35, calculate the molar av eight of air 

5 Ten lb of air arc heated at constant pressure of 200 Ib per sq in from 50* 
to 60* F (a) How much heat energy has been supplied if r, •» 0 242’ 
(b) What would be the efTect on the computation of (a) if c. Is talen as 
/(r)’ (c) How much of the heal energy supplied is stored in the air as 
intnniic energy’ 

6 The \oIumc of a quantity of air is tO cu ft at a temperature of 60* F when 
the pressure is IS lb per sq m abs, (a) What is the pressure of this air when 
the volume becomes 60 cu ft and the temperature 60* F’ (b) What is the 
■weight of the air’ 

7 At what temperature will 50 Ib of air occupy 60 cu ft when at absolute 
pressure of 20a Ib per sq in ’ Zf = 53 35 for air 

8 One Ib of h>driogcn is cooled at constant pressure from a volume of ! cu ft 
and a temperature of 300* F to a temperamre of 60* F AVhat is the 
resulting volume’ 

9 Three lb of air arc compressed from a v olume of 2 to 1 cu ft at a constant 
tempera lure of 60* F How many Btu of beat must be rejected from the 
air’ 

10 It 15 desired to have 10 Ibof Hjat 250]bpcrsq in absand 60*r Thecom 
pressor takes Hi at 60® F and at atmospheric pressure of 15 lb per sq in 
abs and compresses along the curve pF* * = const \\ hat must be the pres- 
sure at delivery from the compressor in order that the compressed Hi shall 
cool to the desired conditions at a constant vrilumc m the receiver’ 

11 If the initial condition of an ideal gas is such that die vtilumc is 6 cu ft and 

the gas IS compressed to 1 4 cu ft at a constant pressure of 50 lb per sq in 
gage, compute the tninnsic energy change and the heat which must be ab- 
stracted the cooling agent m order to keep the pressure constant / “ 1 4 

12 The Umvcrsal Gas Constant It for all gases is given in cgs units as 2 cal 
per g mol per * C By com ersion of this v alue and by means of the relation 
between B and It, find the value of B for nitrogen (mol wt = 28) in ft lb 
per lb per ® F 

13 Calculate the pressure necessary to compress lOO liters of Nj at a prcssiue of 
760 mm of Hg and a temperature of 23* C to a volume of 1 0htcrat*-50 C 

(a) Make the calculation with the Perfect Gas I-aw (b) Make the calcula* 
tion with compressibility factors 

C^fii-lOO CVuu»-0 92 
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1 4. Four lb of air {k = \ A^ B =: 53.3) at 20® G arc compressed from a pres- 
sure of 15 lb per sq in. abs to 100 lb per sq in. abs. Compute the work done 
on the air when the change is (a) isothermal; (b) adiabatic. 

^1^ a. Given the equation iW^ ^ evaluate the work for the following 

changes of state for an ideal gas, considering the general equation for 
change of state of an ideal gas to be pV” = const: (1) Pressure constant; 
(2) volume constant; (3) pV constant (isothermal); (4) pV^ constant 
. (adiabatic); (5) pV^ constant (poly tropic). 

(b. Derive the expression for intrin^ energy change for the above changes 
of state. 

^ Define isothermal, adiabatic, isopiestic, isometric, and polytropic changes 
of state. Sketch the curve for each of these changes for a perfect gas on 
pV and TS planes, and give the equations of the path for each change. 

17. Wliy is the integrated form o^dE the same for all types of change of a perfect 
gas except the isothermal? Why does its value differ for the isothermal 
change? 

18. Describe an experiment which shows that the intrinsic energy change of a 
perfect gas is a function of the temperature change only. 

19. One cu ft of air at a pressure of 150 lb per sq in. abs expands isothermally 
to a pressure of 50 lb per sq in. abs. Calculate the ^vork done and the heat 
added during the expansion. 

20. Discuss the meaning and use of compressibility factors. 

21. Four lb of nitrogen, which may be considered as an ideal gas, are at a 
temperature of 60® F and a pressure of 80 lb per sq in. abs. Compare the 
work done by an expansion to 15 lb per sq in. abs when isothermal; when 
adiabatic. How much heat must be supplied in order that the change 
shall take place according to the equation pV^*^ — const? 

22. What is the increase in entropy of 4 Ib of air when heated from 50® F to 
450® F? (a) At constant pressure? (b) At constant volume? 

23. Fifteen lb of oxygen {B = 48.25) are in a container at a pressure of 250 lb 
per sq in. abs and at atmospheric temperature of 60° F. The process in 
which the O 2 is to be used requires an initial pressure of 350 lb per sq in. 
abs which is attained by heating the gas at constant volume, (a) "What 
is the volume of the container? (b) How much heat is added and what is 
the resultant change in intrinsic energy? (c) What is the entropy change? 
(d) The compressed O 2 expands to atmospheric pressure (14.0 lb per sq 
in.), at which time its temperature is 80® F. How much of the heat 
previously added is available for doing external work during the expansion? 

24. One lb of air expands at a constant gage pressure of 150 Ib per sq in. at sea 
level, from 1.2 to 3.8 cu ft. Compute the change in entropy. 

25. Compute the apparent molecular ^vcight and the gas constant B for a gas 
of the following composition by volume: 

H 2 = 0.06 
CO == 0.28 
CO 2 = 0.10 
N 2 = 0.56 
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26 Fnc lb of air arc compressed adiabitically from 15 lb per $q la abs at 
70* F to 450 lb per sq in lbs Find the final temperature (a) if the speafic 
heat of air is assumed to be constant, (b) by using thcvanahle specUic heat 
expression 

+ + r,) + f(r.-- 

27 What IS the meaning of r, and r, (a) in terms of partial denvatnes’ (h) in 
physical significance'^ (c) WTiat is the relation between these quantities 
for the three states or phases of matter^ (d) Which is larger, and wh>’ 

28 One Ib of air expands at sea level at a constant gage pressure of 150 lb per 
sq m from 1 2 to 3 8 cu ft For air e, »» 0 24 (a) Compute the change 
in entropy Wliat practical use may be made of this result’ (b) Is heat 
added or abstracted, and how much’ (c) ^Vhat is the" change m intrinsic 
energy in sign and in amount’ (d) What is the change in tcmperalure’ 

(c) How much work is done and what is Us sign’ 

29 \Vhy is less work required in compressing air to a given pressure isother 
mally than is required when the process is carried out adiabaucall>’ 

30 What fraction of heat supplied a system goes to external work done by 
the system in a change which is (a) isothermal, (b) isopicstiC, (c) isometrtc, 

(d) polytropic’ Express as a ratio im olving k or n, or both 
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Thermodynamic Properties of Vapors/ 
Vapor Change of State 




Nature of a Vapor 

The preceding detailed application of the First and Second Laws to 
a gaseous change of state was strictly limited to substances that behaved 
reasonably in accord with the Perfect Gas Law. This law is grossly 
inaccurate for describing the behavior of a medium in the gaseous phase 
when conditions for liquefaction are approached. In order to emphasize 
this difference in behavior, a medium in the latter condition is no longer 
called a gas but is designated by the name vapor. The distinction 
between a gas and a vapor is not sharply drawn; it is simply a matter 
of the relative state of a medium with respect to its critical state. As 
an illustration, air at room temperature is a gas, but as liquid air evap- 
orates into the gaseous phase it forms a vapor. 

Because of the failure of the Perfect Gas Law to describe the behavior 
of a vapor, the formulas for 1(^2? and \W 2 obtained in Chapter 4 
are worthless for a vapor change of state. Other means, which take 
into account the characteristic properties of vapors, must be determined 
for evaluating these quantities. It is the object of this chapter to present 
in detail how this may be done. 

Characteristic Equations of Vapors 

At the outset we must bear in mind that each medium has its own 
characteristic equation. When dealing with gases to which the Perfect 
Gas Law may be reasonably well applied, the constant B is the factor 
that varies with the nature of the gas. In the more complicated van 
der Waal Equation, the constants a and b have values which are de- 
cidedly different for different gases. The influences affecting the 
behavior of a medium become increasingly complex as the conditions 
for liquefaction are approached, and consequently it is not surprising 
that the characteristic equations for vapors should involve a number 
of constants whose values vary widely with the nature of the medium. 
More than this, and also because of the complexity of the forces whose 
action it describes, the characteristic equation of a vapor is algebraically 
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complicated For these reasons, there is no simple equation which we 
may use to charactenze sapors as a class in the w-a) that we me the 
Perfect Gas Law in connection wath gases Wc must deal with each 
vapor separately, and since steam is the vapor with the widest industrial 
use, wc shall limit the present discussion to it Meanwhile, wc must 
keep m mind the fact that the application of the thermodynamic bw^ 
to water vapor is to be considered not only for its own sake, but also,*and 
more generally, as illustrative of the method of application to other 
vapors, such as ammonia and sulphur dioxide 

- This thought may be generalized even further So far as the nature 
of thcrmodyaiamics is concerned, there is no reqinTement that the medium 
shall be in the gaseous phase Its law-s can be and are profitably applied 
to liquid and solid media and the method of application is, m a general 
way, the same as it is for gaseous and vapor medn However, it u a fact 
that, because of their great mobility, gases and vapors have a much 
broader industrial use than liquids and solids It is proper, therefore, 
to choose them to exemplify the procedure by which the general laws 
may be applied to any medium, whatever its nature or state of aggrega- 
tion Wc proceed, then, to a consideration of the properties of water 
vapor 

Properties of Water Vapor 

It IS common expenence that the temperature of boiling W’atcr is fixed 
by the pressure On top of a mountain where the atmospheric pressure 
IS low the boiling point is also low, and so, for example, a longer time is 
required to cook eggs to the desired degree of consistency than at sea 
level Thermody namically this is expressed by saying that for the 
process of evaporation, pressure is a function of temperature only, a 
relationship which is true for the evaporation of any liquid The exact 
nature of this relationship for the temperature range 50“ C to 374 1I®C 
is given by empirical equations such as the following one, used by 
Keenan and Keyes * and developed by measurements made by Smith, 
Keyes, and Gerry f 

TTS ) 

in which p = the vapor pressure in international atmospheres t 

•J H Kcenafl »nd F C Kt>Ts TlnWrwmif e/ Sl/airt, W'iky, p 14 

tX- B Snath* F C Kc>*w and H T Cory, /Vor Am Acad AfU and 5n »67 13/O^W 
{The inu^raatKinal atxnospherc b defined a» the promt produced by a column c* met 
cury 760 mm high at aero centigrade where the gravitahonal accclcrauon u 9S0 oo5 cm per 

sec* 
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pc = the critical pressure — 218,167 internat atm 
T = the temperature in degrees Kelvin 
X = {Tc ~ T) where Tc is the critical temperature in degrees 
Kelvin 
rr = 3.3463130 
b = 4.14113 X 10-2 
r - 7.515484 X 10“2 
d = 1.3794481 X lO-^ 

^ = 6.56444 X 10-11 

Similar empirical formulas for other temperature ranges have been 
obtained. The one given, however, suffices to show how laborious 
a task it would be to make the necessary computation every time 
one wanted to determine the evaporation temperature from knowl- 
edge of the pressure. Thanks to extensive researches on the properties 
of steam, culminating in the recent American steam research pro- 
gram, this is not necessary. Extensive tables have been prepared 
with the aid of computing machines which list the pressure and cor- 
responding temperature of evaporation of steam for absolute pres- 
sures from 0.25 in. of Hg to 3206.2 lb per sq in. The student will 
find these values in the first two columns of the Abridged Edition of 
Steam Tables in the appendix of this book. 

Clapeyron Equation 

Sometimes it is of importance to determine the rate of change in the 
boiling point with pressure. For steam, this may be done by reference 
to the steam tables, but for other vapors for which tables are not avail- 
able, the Clapeyron Equation provides a useful, althou^ approximate, 
relationship. Its derivation is accomplished by setting up a theoretical- 
reversible cycle for the evaporation process. The changes of this cycle 
are illustrated in Fig. 5-1 . Consider that a unit mass of liquid just at the 
boiling point T is designated by state point 1 in the diagram. Let this 
liquid be completely evaporated reversibly as shown by the path 1-2. 
Both temperature T and pressure p remain constant during' the process. 
Then let the pressure be decreased at a constant volume by an infinites- 
imal amount isp (state point 3). Since the temperature of evaporation 
varies with pressure, the vapor is now at a temperature T — AT in- 
finitesimally below the boiling point. Hence it starts to condense. Let 
the process of condensation continue reversibly at the lower constant 
pressure — Aj& and temperature T — AT until state point 4 is reached. 
An infinitesimal increase in the pressure A/? with the volume constant 



164 


FvndomentoU el Diermedynamla 
then restores the medium to its initial state Since each of these ptwesscs 
has been accomplished rcversib!>, the c>clc has the same efTicicnc) as 



V 

Fje 5-1 Diagram of a Thrortntal Rm-cn ble C>dc lor 
the Evaporation Promi 


a Carnot c^-cle operating between temperatures T and T “ dr The 
efficiency is therefore 



The latent heat of the fluid per umt of weight, designated by L, is the 
heat added to the c>clc during evaporation (isothermal expansion) 
The product of L multiplied by Carnot efficiency then gnes the net 
worL of the c>clc 

» dT 

T J 

The equation now is in terms of temperature, heat and s*ork \Vc want 
the final result to involve both temperature and pressure We may 
introduce pressure into the equation b> evaluating the vvtrrk of the cycle 
from the pV diagram Thus, the work done by the medium dunng evap- 
oration is equal to 

^(ti — n) 

The vvwk done on the medium during condensation is equal to 
(A “ - *•<) 
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and hence the work of the cycle is 

f^'^cycle “ {j> ^p^{vz — ^4) 

But 

(^3 “ = (V^ — Vi) 

SO the net work of the cycle is equal to 

ff'^cycle — ipz — P Lp) = Ap{v2 “ ^l) 

If this value for the work done is substituted for B'^in the preceding equa- 
tion there results 

^■Y = y = ^{v.-v,) 


The whole purpose of setting up the cycle was to ascertain the rela- 
tionship between pressure and temperature of evaporation. Hence the 
equation may be rearranged to give the relation known as the Clapeyrcn 
Equation, thus 

- JL 
AT T(v 2 — vi) 

Although the object of deriving the Clapeyron Equation was to 
determine the pressure-temperature relationship for evaporation, 
this equation proves to be useful also for the computation of latent 

heat. The ratio the absolute temperature J*, and the specific 

volumes Vz and vi are all directly measurable quantities. When they 
are known, direct substitution in the Clapeyron Equation gives the 
value of the latent heat per unit mass at the temperature T, The 
equation may also be used for any change of phase, and so it applies to 
problems involving the process of fusion as well as to those concerned 
with the process of evaporation. The following example illustrates its use. 


Example 

The. vapor pressure of liquid ammonia is 7.6 atm at 17° C and increases at 
the rate of 0.25 atm per degree centigrade. The specific volumes of vapor and 
liquid are respectively 165 cc per g and 2 cc per g. Calculate the heat of 
vaporization per gram of ammonia. 

Solution 

Since the data give pressures in units of atmospheres and the change in 
volume in cc, the unit of work is the cc atmosphere. Therefore the conversion 
factor J is the number of cc atmospheres per gram-calorie, i.e., 41.3. Direct 
substitution in the equation gives 

0.25 


41.3 X L 
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CIomIus Clapeyron Equotlon 

The ratio ^ determined b> the Clapeyron Equation has diflercnt 

values at dilTcrcnt temperatures It is not possible to determine it at one 
temperature Tj, multiply by the interval beUsTcn T\ and some other 
temperature Tj, and ihcrcb) obtain the change of ciapontion pressure 
wrrcsponding to the temperature interval Clausius showed tint if the 
ClapcyTon Equation were treated as a difTcrcntial equation it might be 
integrated, with the aid of certain bold assumptions, to yield an equation 
involving evaporation pressures and temperatures m two corresponding 
states rather than ^ First, then, let us rewrite the Qape>Ton Equation as 
^ JL * 
dr “ Tin - Pi) 

Second, although the equation applies to a medium undergoing evapora- 
tion, let us make the seemingly unwarranted assumption that the 
Perfect Gas Law applies Third, let us assume that the specific volume 
of the liquid Di 13 negligible Tlicn by these assumptions 
(p* ~ Pi) s= volume p of a uiut mass of a perfect gas at temperature T 


By the Perfect Gas Laiv 


SubstituUng this value gives 

dt. 

dT 


, 51 
' P 


rx? 

P 


By separatmg the variables and T, we obtain 
p ^ B r . 

This equation is readily intcgrable between the limits /j, Ti, and pj, 
Tj thus 

JLndT^JL/ 

= fl- j, r’’-D\-fk T\t, tJ 

. ,™rk tmit. 


ml ( Tt > ri \ 

2 \ r,r, / 


mU V TiT, 
in heat units 


where m is the molecular weight 

• It B powible to msHe * ngorouj dmv*tion of the equation in thi» form. 
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Although two of the assumptions upon ^vhich this integration is made 
seem to contradict flatly all that has been said regarding the relative 
behavior of vapors and gases, the resulting equation is sufficiently 
accurate to be useful in dealing with media for which vapor tables 
have not been prepared. In particular, it is used to determine the vapor 
pressure of a substance at a lower temperature than the boiling point 
from knowledge of boiling-point data. 

Example 

The heat of vaporization of water at 760 mm pressure and 100° C is 538 cal 
per g. Calculate the vapor pressure of water at 80° C. 


Solution 


In order to simplif)’’ calculations, invert the equation given on page 166; 
i.e., write it in the following form and express it in heat units. 



pi = 760 mm Ti - 100 + 273 = 373° K 
/^2 = ? r. = 80 + 273 = 353° K 


1 „ / 2 cals ^ ^ , 

1 „ = 538 r 373 - 3531 

P2 ~ 0.111 L(373)(353)J 
= 538X_20_,_, = 0.734 

(0.1 11) (373) (353) 


760 


= 2.082 


p 2 = 365 mm of Hg 


The Steam Tables 

All of the equations for the various properties of steam are fully as 
complicated as the one for the pressure-temperature relationship. 
Consequently their values are listed in tables in order to avoid endless 
and tedious repetition of computing them. Of course, only" point func- 
tions are susceptible of tabulation and space limitations are such that 
it is not profitable to list all of them. The tabulation of pressure and 
corresponding temperature of evaporation has already been mentioned. 
There is evident need of listing values of the third elementary coordinate, 
volume, for each state. Since enthalpy h measures the path function 
iQ ^2 for the commonly encountered constant-pressure change (see 
page 85) it is desirable to have its values. Also, knowledge of the en- 
thalpy, pressure, and specific volume in a certain state makes it rather 

easy to compute the intrinsic energy from A = ^ Hence, values 



168 


FpnJsnentab of TKcmod^^ncsiici 

f(r ^ arc not alw-a^-s givTii. riaallj, the a\-aiJabiht\ of the heat add-d 
m achieving a certain state can be determined onij ihrotigh Lnowlcdce 
of the entrop) change produced Thus, values of catropv hast a proper, 
and ind-cd indispensable, pbec xn the tables. 

The abndged ediuon of Keenan’s steam tables shoiM the foKow-ng 
headings m Tab’c I for saturated steam 

SpcciSc ^ duiae Erthalp) 

Temp Abs Press Sat Evap Sat Sat Evap Sat 

Deg F Lb per Sq In Liquid Vapor Liquid \ aper 

* P >■/ r/, r, kj i,, k, 

EnUopj 

Sat Evap Sat 
Liquid Vapor 

V if* It 

These tab’es arc referred to a datum temperature of 32® F Thus, the 
listed values of enthalpy and cntrop> represent hi and Sj ~ ii 
where hi and Ji arc the respective values when the medium is at 32® F 
The values given m the tables also refer to the properties of cv pound 
of steam. The t'olume, enthaJpv , or entropy of If pounds na> be found 
b> multipUang the listed \'alu« b> If The term saturated liquid — 
subsenpr j — denotes the properties of water just at the boil ng po’nt. 
The term evaporauon — subscript Jg — refers to the change in each 
propertv that takes place as the medium goes from the condmon of 
saturated hqu.d to that of saturated vapor, i e , to the poim at which 
the last molecule of water xs evaporated The term saturated vapor — 
subscript g — designates the state in which the medium 15 complete') 
evaporated but is still at the temperature of evaporatioru 

Frequcntlv it xs necessar> to deal vnih a mixture c/ steam and water, 
a condinon that results when the evaporation is not complete In rach 
a case the medium is said to be a ziti veper The degree of completion 
of the evaporauon process in a w’ct vapor is quanutauvelv e 3 tabJ.<hxl 
bv m fw/itr X Bv definition, x is taken to W the ratio between the 
woght of steam formed and the total weight cf steam and water 
present in the nuxturcL Thus, a mixture made up of lb of s cam 
and Ib of water would have a quality of 

Table 2 cf the steam tables lists the same quanuues as Table 1 , except 
values of internal or “inmnac” energy , s/ and arc added for the 
saturated liquid and saturated vapor state, r/, has been omitted here 
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becaxise of space requirements, but can easily be obtained by subtract- 
ing Vf from Vg (see the following example). The usefulness of Table 2 
lies in the fact that its values are tabulated in terms of even values 
of pressure instead of temperature. 

As an example of the use of the steam tables, suppose that we wish to 
determine all of the properties of steam at 120 lb per sq in, pressure 
and a quality of 0.95. Reference to Table 2 sho^vs that at such a pressure 
the temperature of evaporation is 341.25° F, which of course is constant 
throughout the entire process of evaporation. Hence 341.25° F is the temper- 
ature of the wet vapor under consideration. The specific volume, or 
cubic feet per pound of steam in this condition, is stricdy given by 
the sum of the volume of the saturated liquid plus 95% of the volume 
change of evaporation, i.e. 

Vx ^ Vf + XV fg 

or c/, = 0.01789 + 0.95 (3.728 - 0,01789) 

= 3.5424 cu ft- 

Because of the relatively small volume of the saturated liquid the 
following approximation is entirely adequate for industrial work. The 
specific volume of evaporation, Vf^^ represents the difference between 
Vg and t?/, thus 

Vfg ^ Vg - Vf 

Hence .the specific volume of a wet vapor may be written 

Vx- Vf + x{Vg — Vf) 

— Vf + XVg — XVf 

= (1 — X)Vf + XVg 

Since the whole value of y/ is only a small part of Vg and since the above 
equation shows that only a fraction of it is to be added to xvg^ the quan- 
tity (1 — x)vf is negligibly small. Consequently, we may consider that 
the specific volume of a wet vapor is given by 

Vx = XVg 

The difference bet^veen this approximation and the exact computation 
given above may be shown as follows 

Vx = 0.95 X 3.728 
= 3.5416 cu ft 

Hence the error resulting from use of the approximate equation is only 
0.0008 cu ft. 

The first column of the group headed enthalpy gives the change in 
enthalpy from 32° F to the condition of saturated liquid at the indicated 
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pressure The second column gives the change m enthalpy accompany- 
ing evaporation at the same pressure Tlic third column, whose values 
arc the sum of the corresponding v alucs in the first and second columns, 
gives the total change in enthalpy between the state of saturated steam 
at the specified pressure and vv'ater at 32'’ T and the same pressure Tlic 
value of h for a w-ct vapor may be determined as follow's 

A. = A/ + xhft 

TTicn for the particular case under consideration 

A. - 312 44 + 0 95 X 877 9 

= 312 44 + 834 01 = 1 146 45 Btu 

If the specified state was achieved by heating the medium at a (onstant 
presstne from 32“ F, this value of A, is the same as the heat required (i(^) 

The first and third columns under the heading entropy give the 
values of the entropy change of one pound of medium bctv\*ccn 32“ F 
and the specified state, i e , saturated liquid and saturated vapor cor- 
responding to the indicated pressure Tlic second column lists the 
entropy change resulting from the heat added to produce evaporation 
under the indicated pressure Tlicn, since the quality r gives the 
percentage eight of liquid evaporated, the entropy per pound of wet 
vapor above 32° F is obtained thus 

I, « I, + Xif, 

For the illustrative state given 

s, = 0 4916 + 0 95 X 1 0962 
= 0 4916 + 1 0415 = 1 5331 

Intrinsic energy is listed as internal energy in the tables and is desig- 
nated by u instead of e which vse have used in this text Allov^anccs 
bang made for this difference m notation, the intnnsic energy of a 
pound of vs’ct vapor above 32° F may be obtained as follow’s 

e, =* c/ 4- « r/ 4- xif, - ei) 

For the state given on page 169 

e, = 312 05 4- 0 95(1 107 6 - 312 05) 

« 312 05 4- 0 95(795 55) « 312 05 4- 755 77 
^ 1067 82 

WTicn values of e are not tabulated, this need cause no senous con- 
cern Intnnsic energy per pound (abov c 32° F) can be readily calculated 
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from knowledge of the enthalpy, volume, and pressure of any state. The 
definition of enthalpy is 


h 




J 


WTience 


r = A - 


/ 


Thus, values for the intrinsic energy per pound of saturated liquid and 
saturated vapor may be obtained by direct substitution in the equation 
of the tabulated values of hj^ p, and Vf for Cf and of hg, p, and Vg for €g. 
In accordance ^\ith the definition of enthalpy, the pressure p is always 
the absolute pressure. Also, in order that the units of the equation may 
be consistent, the pressure must be expressed in such units that its 
product with v gives units of work. In the British system this means 
that pressure must be expressed in pounds per square foot. 

When the medium is a wet vapor the values of h and v that are sub- 
stituted in the equation must correspond to the state indicated by the 
quality. Pressure, however, is quite independent of quality. With these 
stipulations in mind, we are ready to proceed to the determination of e 
for the wet vapor specified on page 169. 


ez 

hz 

Vs 


Then 



312.44 + 0.95 X 877.9 (page 170) 
1146.45 Btu per lb 
0.95 X 3.728 


3.5416 = 3.54 ,cu ft (approx) per lb 
120 X 144 X 3,54 


1146.45 - 
1146.45 - 78.6 


778 


1067.85 Btu per Ib 


(page 169) 


The entire arrangement of Table 3 differs from that of Tables 1 and 2. 
The reason for this is that when heat is added to a saturated vapor, 
pressure alone no longer suffices to specify the state. We must know 
two coordinates, as is generally necessary for specifying the state of any 
medium not undergoing change of phase. WTien water vapor is heated 
beyond the saturation point, it is said to be superheated steam; Table 3 
is used to determine the properdes of steam in this condition. The 
independent variables of the table are pressure and temperature (° F). 
The values of the saturation temperature for corresponding values of 
pressure are listed for com^enience in parentheses under the pressure. 
The use of Table 3 involves no arithmetic other than simple interpo- 
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litJOn For example, the properties per pound of steam at a pressure 
of 200 lb per $q in. and temperature of 500® F are 
r « 2 726 cu ft 
h = 1268 9 Biu (abo\-c32®F) 
i “ 1 6240 Btu per * F (abo\'C 32® F) 

Sometimes the state of superheated steam is specified by the pressure 
and the number of degrees temperature otoir the saturation temper- 
ature This temperature interval is called degreei oj supafuai WVn 
the state IS specified in this %v a>, it is an ea3> matter to add the saturation 
temperature to the given number of degrees of superheat to obtain a 
value for tcmjjcraturc with which to enter the table 

Physical ond Graphic Interpretation of Steam Tables 
Tlic ph>-sical significance of the v-alucs listed in the steam tables may 
be seen more clearly by graphing the process of warming, evaporating, 
and superheating water, all at a constant pressure, on the pp and TS 
diagrams (Fig 5-2) Let us consider the pV diagram first, bearing in 
mind that by its mturc it will yield chiefly information concerning 
vxjlomc changes Point A represents I Ib of water at 32® F and at the 
vapor pressure of water corresponding to that temperature Likewise 
point B indicates the state, in tenm of p and v, of 1 lb of water at a 
considerably higher temperature and corresponding pressure, point E, 
a still higher temperature and pressure Then the line /1C£ is the locus 
of the state points of saturated liquids at various pressures As such, it is 
conveniently designated the liquid line and labeled v/ \Vlicn heat is 
added to a saturated liquid, the liquid begins to evaporate, with an 
attendant large incrcisc in volume If evaporation is not complete, 
the state point of the resulting wet vapor is specified by d »* point x 
between D and C at a distance from B proportional to the quality Tlic 
completion of evaporation for the pressure Pi is indica'ed oy point C, 
for a higher pressure, />», by point F Consequently, the line FCH is the 
locus of the state points of saturated vapor at various pressures, and so 
IS properly called the saturation line (r,) Wflicn steam is healed bcyxmd 
saturation, it enters the region of superheat, i c , that area of the diagram 
m which any state point indicates the superheated condition The 
superheating process is accompanied by an increase of the specific 
vxjlumc, as is shown by lines CD and EG for constant pressures Px and 
pi rtspcctivTly 

Tlie TS diagram shows entropy changes for the cvxipofation process 
in the same way that the pa diagram shows volume changes More 
than iliat, the area under the curve on the TS diagram that represents 
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reversible constant-pressure warming, evaporation, and superheating 
measures the heat added during the change. Under the same condition, 
change in enthalpy also pleasures the heat added. Therefore, for the 
particular condition of reversible constant-pressure change, it is possible 
to give a graphic representation of hj, hf,, and 




Tig. 5-2. Graphic Representations of the Process of Warming, Evaporating, 
and Superheating "Water at Constant Pressure. 



1 Fwndamtnlof* cf DiemtodyBomla 

The diagrim shcn^ n constant pressure line ABCD Point A repre- 
sents water at 32“ F As the ^^ate^ is N\-anned under pressure />» both 
temperature and entropy increase until the csnporaiion temperature 
corresponding to /»t is reiched it point 5 The area under /!!? to the 
S axis represents the cnthalpj hf abo\c 32“ F for the pressure pi At a 
higher pressure the eviporation tempcriturc is higher, and so the 
w-arming process continues until point E is rciched nsidcnll) the line 
ABE is the locus of the state points of satunted liquid for various pres 
surcs It 15 therefore the liquid line, and all state points to the left of 
It indicate that the medium is in the liquid phase 

When heat is added to the saturated liquid it immcdntel) starts 
to evaporate The tempenture remains constant until the process is 
completed at which time its state point is C Each point on the line 
BC therefore represents a state point of wet vnpor, as for example, 
point X WTicn the evaporation is carried on at a higher pressure /i 
the condition of saturated vapor is reached at point F Therefore, the 
line IICF 1 $ the locus of the state points of saturated vapor for various 
pressures and so is called the saturation ime For the pressure p\, 
the area under DC to the S axis measures the latent heat of cv'apora 
tion or, what amounts to the same thing the enthalpy change hf, of 
cv’apora tion 

It IS to be noted that the liquid and saturation lines hav*e oppo- 
site slopes They eventually meet to forni a continuous curve, the 
highest point of which is the critical point (sec page 118) Since any 
state point in the region between the liquid and saturation lines 
denotes that the medium ii a w*et v-apor, this is called the region of 
w*et vapor 

Further addition of heat after the condition of saturated vapor is 
reached results in superheating the V’apor Although the process is still 
earned on at a constant pressure both temperature and volume increase 
Tlic temperature nsc accompanyang this addition of heat is indicated 
by the hnc CD on the TS diagram Since CD represents a constant 
pressure process the area under it indicates the enthalpy change of 
superheat Tlic j«t« of hf hf, and the enthalpy change of superheat is 
the value of h given in the tables for superheated steam in a state such 
as D Any state point to the nght of the saturation line indicates diat 
the steam u superheated, hence this area is called the region of super- 
heat The further the state point of a medium is removed to the nght 
of the saturation line the more the medium behaves hV.c a gas Tlicn:- 
forc the region of gaseous state points is an extreme extension of the 
region of superheat. 
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It is of importance to understand clearly the general trend of the 
change in the several point functions which accompanies each of the 
limiting changes of state. For example, it is by no means enough to 
know only that volume is constant on a constant-volume change. We 
must also have clearly in mind the change in temperature, pressure, 



Fio. &-S. Constant-Volume Change for \Vatcr Vapor, Shown on the TS Diagram. 


» 

intrinsic energy'’, enthalpy, and entropy that results from a constant- 
volume change. Only through such understanding can ^ve proceed 
to an intelligent determination of ifFs, and availability of the heat 
flow of the change. The graphic representation of the limiting changes 
of state on the TS diagram is an indispensable aid in gaining an under- 
standing of this sort. Thus, the constant-volume line ABC sho\%Ti on 
the TS diagram in Fig. 5-3 yields the following information. In the 
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Non«Flow Con»tant-Volum« Change of State of Woter Vopor 
Tor any constant volume change iir» it zero, and so the NomFlow 
Energy ^uation for such a change reduces to 

= rj — Cl + in uork units 

or i7i «=> Ar in heat units per Ib of steam 

Thus, the heat flow of the change may be obtained directly from the 
determination of Ar. The values of r, and r, for the initial and final 
states of the steam may be computed from the gi\cn value of r and the 
tabulated values of h for each state respectively. But in order to obtain A 
for the final state, the coordinates of that state must be Known. Usually 
the final pressure is given, but additional information is required before 
the state is uniquely specified. For a wet vapor \\c must also know the 
quality; for a superheated vapor wc must know the temperature. In 
cither case the required data may be obtained from the equation 
that defines the change, i c. 

ti •= r. 

So T»r,i « xttft 

In case the steam is superheated in cither the initial or the final 
state this becomes 

or Jflfil “ f 

The application of this simple equation is illustrated in the following 
example. The entropy change that accompanies a convtant-vxilumc 
change of state of a vapor is easily determined once the coordinates of 
the initial and final states arc established \Vc have then only to deter- 
mine jj and Si, taking account of the quality if the vapor is wet or of the 
temperature if it is superheated. Then directly 

Aj — Ji per Ib or A^ *= A/(rj — Si) for M Ib of steam 
Example 

Two lb of steam arc cooled at a constant solume of 6 0 cu ft from an initial 
pressure of 160 lb per sq in abs to a final pressure of 10 lb per sq in abs Find 
ihe heat remov cd and "the change in entropy 

So/a.'ien 

Reference to the saturated steam tables * discloses that the volume of 1 Ib 
of saturated steam at 160 Ib per sq in abs is 2 834 cu ft Since the initial 

• Frtim time to tune, ihe vaJur* ptven in itean uUm are re»i*M w a frtatfr dopre of 
accuracy A* a result, ibcre are rmner docrep*«cki In r>eces*t»e cdi'xwa U lh« uUe*. Thr*' 
dacrepinetci acctjimi fcc ntuU di^rmnees that th« itudcnt may cneouBier a* he c&al* the 
•oluuoM ft«n wiUi Ibe ubla trxdiUe lor tus'uae. 
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volume of one pound of steam in the tank is 3 cu ft, U is superheated. Consequently 
we enter the superheat tables tvith pressure of 160 lb per sq in. and find that 
the properties of steam at such pressure and a volume of 3 cu ft are 

pi = 160 lb per sq in. abs 
h = 400° F 
oi = 3 cu ft per lb 
hi = 1217.6 Btu per lb 
Si = 1,5908 Btu per ° F 

We now must establish the coordinates of the final state. At 10 lb per sq 
in. abs Vp^ = 38.42 cu ft; hence the steam is wet after the constant-volume cool- 
ing. Its quality in the final state is determined by the relation 

vi ^ V 2 = X 2 Vg 2 = 3 CU ft per lb 
By substituting the tabulated value of Vg2, we have 


X2{2>^A2) = 3 


= 3 ^ = 


The properties of the steam in the final state may now be tabulated. 

p 2 = 10 lb per sq in. abs 
h = 193.21° F 
1)2 = 3 cu ft per lb 

hi = hn + Xih„i = 161.17 + 0.0781 X 982.1 
= 161.17 + 76.70 = 237.87 Btu per lb 
r2 = Sfi + XiSj.i = 0.2835 + 0.0781 X 1.5041 
= 0.2835 + 0.1175 = 0.4010 Btu per ° F per lb 

In a constant-volume process 

i ?2 = («2 — or 1 Q 2 = £2 — Ej 

- if )- 2(1217.6 - 

El = 2257.6 Btu 

Ei = M^hi - = 2^237.87 - 

E 2 = 464.7 Btu 

Then iQo = 464.7 — 2257.6 = (-“)1792.9 Btu (withdrawn) 

The change in entropy for the process and for 2 lb of steam is 

M(s 2 - si) = 2(0.4010 - 1.5908) = (-)2.3796 Btu per ° F 

The negative sign indicates a decrease of entropy. This is in accord Nvith the 
fact that heat is withdrawn from the vapor during the change. 

It is impracticable to use the Mollier chart for the solution of this 
particular problem. True, state 1 may be easily located at the inter- 
section of the 160 lb per sq in. pressure line and the 400° F constant- 
temperature line (not the degree superheat line). It is then a simple 
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matter to read the ordinate and absciso of this state point as and xi 
rcspcctncJy Houcs'er, the coordinates of state 2 arc beyond the rant»e 
of the chart, and so it cannot be used to determine ht and xj It is there, 
fore best to use the tables cxclusitcly for the whole problem. 

Non-Flow Conitant-Preijufo Change of State of Woter Vapor 
Both the steam tables and the Molher chart provide a ready means 
of determining lyj and A/- for a non-flou constant-pressure change of 
state of steam The value of iqt is given dircctl) b> the enthalpy change 
of the process (sec page 85) 

Thus iqt « Aj — Ai (per Jb of steam) 

Since the pressure is knoum and since the volume in the initial and 
final states ma> be obtained from the tables, ti and ri inaj be determined 
by use of the relation 



The evaluation of ifr* is readily accomplished by consideration of the 
y/>dr wuhp constant, i c 

iir* pdv «■ dr = p{vi — fj) ft -lb per lb of steam 

The entropy change Ax of the process is determined directly by comput- 
ing from the tables the values of xj and xi Tlicn 
Ax “ X| — Xi (per Ib of steam) 

It must be kept in mind that Aj, A,, r*, ri, Xi, and Xi refer to the values 
of these properties in the final and initial states rcspectivclj Either 
final or initial state or both ma> be in the region of wet vapor or super- 
heat, Consequent!), in solving a problem invxilvmg a non-flow constant- 
pressure change, wt must know the coordinates of both initial and final 
states The equation of the change, p const, gives us no help in deter- 
mimng an unknown coordinate, except in the single case where cither 
the imtial or the final state is a saturaled vapor, Tlic given data must 
include values oT some coordinate oT tlic iniiial and Final stales, in addi- 
tion to the constant pressure at which the change takes place For 
e.xample, the data might include the constant pressure, the entropy 
in the initial state, and the volume tn the final stale. Let us assume 
that the process b a constant-pressure increase of volume from an initial 
Slate of wet v’apor. The state of wet v'apor is most convenienUy desig- 
nated b)' pressure and quality. In ihb case pressure is already known- 
Qualit)' may be computed from die given v’aluc of entropy by 
X, « X/ + XX/, 
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The value of Sx is the given value of entropy, and the values of s/ and 
Sfg are the tabulated values for the given pressure. With the value of at 
thus obtained, it is a simple matter to compute the values for all the 
properties in the initial state. Since we have the volume of the final 
state, we look first for the tabulated value of saturated steam at the given 
pressure. Suppose that the given volume is greater than the saturated 
volume. We know at once that the steam is superheated in the final state. 
Hence we enter the superheat tables with the given pressure and look 
across the table until we find the given value of volume. The values of 
h and s corresponding to it may then be immediately read from the 
table. 

The analysis of the same problem with the Mollier chart is made 
as follows. The initial state point is located on the chart by finding the 
point on the given constant-pressure line which has an abscissa equal to 
the given value of entropy. In order to locate the final state point, how- 
ever, the tables must be used as previously indicated, because volume 
is not recorded on the chart. With the state of the superheated steeira 
located in the tables, we may use the value of either entropy or enthalpy 
given therein to fix the final state point on the given constant-pressure 
line. The heat added during the change may then be read directly 
from the chart as the difference in the ordinates of the two state points. 
Likewise, the entropy change of the medium during the process is 
given by the difference in the abscissas of the two points. 

Example 

One lb of steam initially at 150 lb per sq in. abs pressure and quality 0.80 
expands at constant pressure, (a) If the process continues until the volume 
doubles, determine the heat required, (b) How much work is done? (c) What 
is the temperature at the beginning and end of the expansion? (d) What is 
the entropy change? 

Solution 

(a) The initial volume of the steam is ascertained from the equation vi = 
xtVgiy where Vgi is obtained from the saturated steam tables for steam at 
150 lb per sq in. abs. 

vi = 0.8 X 3.015 
= 2.41 cu ft per lb 

If the volume is doubled, vz ^ 4.82 cu ft per lb. 

The volume of saturated steam at 150 lb per sq in. abs is 3.015 cu ft per lb. 
Hence the steam at state point 2 is superheated. For a constant-pressure 
change 

iQji = M{h2 — hi) 
hi = h/i + xih/gi 
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Subsutuling \alue3 from the steam tables for h, and A/, for itemt at 150 lb 
per sq in abs gi\*cs 

A, « 330 51 4*08 X 863 6 

« 1021 39 Btu per lb 

By entering the superheated steam tibJe with pressure of 150 lb per sq In abs 
and intcrpolaung for a \-olume of 4 82 cu ft per lb, we fmd that Aj is 14129 Bm 
per lb 

i(ii - UI413 9 - 1021 39) 

- 391 5 Btu 

(b) lU'i •>=■ /)(r, - fi) 

» 144 X 150 X (4 82 - 2 41) 

» 144 X 150 X 2 41 

« 52,100 ft Ib 

(c) From the saturated steam table, /i -- 358 42* F 
From the superheated steam table, tx ■» 765“ F 

(d) Since in the initial state the sifior is wet, it is determined b) using the 
values of S/ and J/, for steam at a pressure of 1 50 )b jicr sq in abs m the equation 

Si “ r/i + 

- 0 5138 + 08 X 1 0556 

” 1 35828 Btu per * F per lb 

From the superheated steam tabic for p ■« 150 Ib per sq In abs and a TOtume 
of 4 8234 cu ft per lb 

Sj 1 7822 Btu per “ F per lb 

As - I 7822 - I 35828 “ 0 4239 Btu per * F per Ib 

Parts (a) and (d) of this example may also be quicl(.l> solved with the Molhef 
diagram Interjiolatc a 150 lb per sq in constant pressure line between the 
ones given on the chart for 140 and 160 I b per sq in The intersection of thu 
line with the constant moisture percentage line (moisture pcrcentige 1 00 — 
quality) labeled 20 gives the initial state point Tlic ordinate of thu point 
ts A “ 1022 Btu and the abscissa is s> — I 353 Btu per " F M previouily 
menuoned, the final state must lie located m the superheat tables, because it 
IS specified b> the volume Tlie temperature in the final lUte is then obtained 
as 770 6* F Interpolate a constant temperature line of thu value between 
those given on the chart for 740* F and 780* F lu intersection with the 150 lb 
per sq in pressure line fixes ihc final state point, of which the ordinate and 
abscissa are rcspecuvTly Aj ■ 1414 Btu per lb and Jj 1 786 When the values 
of A), Aj, Si, and st obtained from the chart are compared wuli thoie obtained 
from computatioiu wath the tables, it ts seen that liic ^eerJage error resulting 
from the use of even a small scale u not great 

Non-Flow Isolfiermol Chong* of Stale of Water Vopor 

The detcrmiruiion of \Qjt, AE, and ill'i for a non /low laothemul 
change of state of steam gives considerable insight into the application 
of fundamental pnnaplcs Pint we must rcalute that when the medium 
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is a vapor, AE is not zero as it is for the non-flow isothermal change of a 
perfect gas. Also, the equation of the change is radically different from pV = 
consL In fact, the best we can do to express the equation of the change 
is to write T = const. Hence, in general we do not know the relation 
between p and v for the change and so cannot compute i W 2 from fpdV, 
One principle we can use, however, if the change is reversible as well 
as isothermal, is that 

= fTdS 

and since T is constant 

= T{S2 - Sf) = MT{s 2 ^ sf) 

From specification of the initial and final state points we may compute 
S 2 and Si from the tables and substitute to obtain 1 ^ 2 * Values of ^2 and 
ex may also be computed from the tables by 



Then AE = E 2 — Ei = M{e 2 — ^ 1 ) 

With both xQj 2 and AE known, it is easy to substitute in the Non-Flow 
Energy Equation and obtain iT4^2, thus 

]Q 2 = AE + (in heat units) 
or iP1^2 = JM{\q 2 — A<?) 

When both initial and final state points are in the region of wet 
vapor, there is no necessity for using this analysis. For a wet vapor^ 
pressure is a function of temperature only. Consequently^ an isothermal change 
in the region of wet vapor is also a constant-pressure change and should be treated 
as such. If the steam is superheated in either the initial or the final state, 
this simplification is no longer possible, for in the region of superheat 
temperature is a function of both pressure and volume. Under such 
circumstances the analysis in the preceding paragraph must be used. 

Example 

One lb of superheated steam initially at 100 lb per sq in. abs and 400° F is 
compressed iso thermally and reversibly to the state of a saturated vapor. It 
is then condensed iso^crmally until its quality becomes 0.35. Determine 
(a) the pressure of the saturated vapor; (b) the entropy change, heat flow, 
change in intrinsic energy, and the work done (1) for the isothermal compres- 
sion, (2) for the isothermal condensation. 
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Solulton 

It wl! help m undcntatiding the nature of this process to reftr to its jraplac 
representation on the TS phne, shoiin in Rg 5-5 



(a) The pressure of a saturated sapor corresponding to a temperature of 
saturauon of 400* F is read directly from the saturated itcam tables 
/, « 247 31 Ib per sq im abs 

0>-l) 

1 6516 Rm per ® F per lb 
j, •• 1 5272 Btu per • F per lb 
^ » /f - /I - (-> 0 1246 Btu per • F per lb 
In order to find jf» til’s and O — ei ve must rely on the energy equation 
for a non Row process, and ev-aluaie the terms therein by the best meant avail 
able 

#1 ■“ r» + |14'i 
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Since this is an isothermal reversible process 



and 1^2 = r At 

- (400 + 460)[(-) 0.1246] 

- (860 X 0.1246) = (— ) 107 Btu per lb (heat withdrawn 

from medium) 

For the determination of e 2 ^ ei we again use the equation 



or e = Jh ^ pv (in work units) 

^2 ^1 “ ^i) “b (piVi “ P 2 V 2 ) 

= 778(1201 - 1227.6) + 144(100 X 4.937 - 247.31 X 1.8633) 
= 778(- 26.6) + 144(33.7) 

- ~ 20,700 + 4320 

= (— ) 16,380 ft-lb per Ib (a decrease) 

Substituting in the Non-Flow Energy Equation gives 
(-) 778 X 107 = (-) 16,380 + 1 W 2 
83,250 + 16,380 

1 W 2 = (“) 66,870 ft-lb per lb (work of compression) 

(b-2) The condensation process is both isothermal and constant pressure. 

T 2 = 1.5272 (entropy of the saturated vapor at 400° F) 

Sz SfZ XzSfgZ 

For the state specified by Tz = 400° F, pz = 247.31, and xz = 0.35 
T3 = 0.5664 + 0.35 X 0.9608 
= 0.9004 

T3 - T2 = 0.9004 - 1.5272 

— (— ) 0.6268 Btu per ° F per ib 

2 qz — hz — h 2 (constant-pressure process) 
h 2 = 1201.0 Btu per lb 

hz = hfz + Xzhfgz 

= 374.97 + 0.35 X 826.0 
= 664 Btu per lb 

2^3 = 664.0 - 1201.0 = (~) 537.0 Btu per lb 

2 Wz = p{vz — 

V 2 = 1.8633 cu ft per lb 
vz = 0.35(z;^ 3) = 0.35 X 1.8633 cu ft per lb 
^Wz = 144 X 247.31 X 1.8633(0.35 - 1) 

== (— ) 43,150 ft-lb per lb 

We may obtain the value of ez — ^2 from substitution in 

Jiqz = ^3 “ ^2 "h 2^2 , 

(-) 778 X 537 = ^3 - ^2 - 43,150 

^3 - ^2 = (-) 418,000 + 43,150 
= (--) 374,850 ft-lb per lb 

It is suggested that the student check the solution of this example by means of 
the Mollier chart, so far as the range of the chart permits. 
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Non Flow Ad abalie Change of Slole of Wotef Vopof 

In the stud> of the Cnmotc>cle uc Icirned tint the non flo\^ rc\*ersible 
adiabatic change is the most cfTcctu c path for the passage of the medium 
from the higli to the lo%s temperature of a heat utilizing cycle As 
such It IS often established os the standard uith \^hlch the expanson 
in an actual engine is compared As prcvaously discussed (page 72) a 
reversible adiabatic change is iscntropic and so the equation that 
defines it is 

s = const 

WTicn one state of a medium undergoing reversible adiabatic cliangc 
IS known this equation makes possible the fixing of the second state 
from knowledge of onl) one of its coordinates For example, when 
saturated steam expands rcvcrsibl) and adiabaucally frompi topi the 
quality in the second state is obtained from 

Si = Si 

In this case Si ^ r, at pressure pi and Jj *= i/ + x/y, at pressure 
Tlicn j,t = J/j + xis/ti m which all quantities except X| arc avoulablc 
in the tables. The same procedure is V’alid if cither the initial or the 
final state points arc in the region of wet vapor, at saturation, or in the 
region of superheat 

Tlie Aon Flow Energy Equation for a reversible adiabatic change 
reduces to 

0 = AE+ 

or iff , = - AE = - l/(fi - e,) «=> — ei)(m work units) 

The values of tt and ti arc computed from values for h p and c in each 
state as prcvaously described Tlieir difference rj — ei walh proper 
attention paid to units gives the ncgaine of ilf i directly 

The Molher chart is particularly well adapted to the study of a rcvrni 
blcadiabaticchangc- Itsapplicationisdcscnbcdmthefollowangcxamplc 
Exanplf 

Sicam at 200 Ib per sq in abs pressure and 48 IS® of superheat enters a 
recipTocauns steam engine cy 1 nder xnd expands to a pressure of 90 lb per 
sq in abs adiabatically and revers bly How mucli work u ideally performed 
per pound of steam’ 

Soluitoi 

jif j (tt — ti) •>* ti — tt 

r -> (^A — pe) {m wtirk untu) 

,n,-y(A, + ,) 

It then becomes necessary to detertn ne A and r for both initial and final states 
of the steam In the initial cond non tl e steam u at 200 lb per sq in. abs 
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of a ^-apor m the same \va> as that of a gas, i c , by the cquatjon pV* 
« const As prc\-iousl> descnbcd (page 39), the \ alue of n is determined 
from expen mental measurement of p and V for t\»xi of the state points 
of the particular change under consideration Lrt us emphisizc that 
when the medium is a sapor a pol> tropic change ma> be designated 
by a sancty of values of n which will usuill> he m the neighborhood of 1. 

Unlike the case when the medium is a gas, equations in T and p and 
r and V cannot be comcnicntl) written For a gas both of these 
relationships were obtained by combining pV* » const with the char* 
actcnstic equation for gas Tlic characteristic equation for vvatcr anpor 
15 far different from the simple gas equation, and an) equation formed 
by combining pF* » const wath it would be of baffling complcxii) 
Consequent!) , if the given data of a problem in the pol) tropic change 
of a vapor fuc the state wath coordinates other than p and F, we must 
use the given facts to establish values of three of the four quantities 
Pu Pif snd The equation then provides an easy means of deter* 
mining the fourth quantit) Ordinarily we can measure pressures and 
volumes more casil) than an) other coordinates Tins being the case, 
wath the value of tt known, we ma) appi) the equation at once to obtain 
one unknown value ofp and V m the initial or final state 

The most dircctl) determinable quantU) in the Non Flow Energy 
Equation for a polytropic change is iIF* This is pv cn b) the integration 
of SpdV over the particular path specified b> the value of n in pV* " 
const We have already done this integration (pages 45-46) wath the 
following result 

(a) WTicn n « I, which designates a polytropic, roi an isothermal 

change of a v apor 

=pir,iog.j^ 

(b) When n has finite value other than 1 

, 11 ', = 

1 — fi 

TV«. fvsvT^g vwvv.z.1 w/i cC the. cbaxi^e makci ft. 

possible to obtain all of the properties of the vapor in those states. From 
this information it is possible to calculate Et, Et, and hence AE as before 
from the relation 

E - M ^ (in heat units) 

E •• M{Jh — /r) (in work units) 


or 
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Then, with the aid of the Non-Flow Energy Equation, we obtain the 
value of iQ ,2 from the computed values of LE and for the change, i.e. 

JiQji = A£ + (in work units) 
or iQji — A£ + (in heat units) 

The tabulation of the properties of the steam in its initial and final 
state points includes values for si and jo. The simple difference between 
these t\vo values is the entropy change of the process per pound of vapor. 
If M lb of vapor are involved in the change, AiS* is given by 

AS = M(s2 — Si) 

Usually there is no advantage in using the Mollier chart for the 
analysis of a polytropic change. There is no representation of volume 
on the chart and since the initial and final states of a poly tropic chemge 
must eventually be specified in terms of pressures and volumes, the 
tables must be used in any event. This being the case, it is really easier 
to use them exclusively for the entire problem. 


Example 

Steam having an initial quality of 0.90 at 80 lb per sq in. abs expands in a 
cylinder until the pressure is 14 lb per sq in. abs. The equation of the path is 
pV = const, i.e. (« = 1 in the path equation pV^ — const). Determine, per 
pound of steam, (a) initial and final volume of the steam, (b) the entropy 
change of the steam, (c) the work done, (d) the change in intrinsic energy, 
(e) the heat flow. 


Solution 

{Notice carefully that the equation pv = const denotes a polytropic change of a vapor,) 

(a) f»i = xiVoi 

= 0.9 X 5.472 = 4.9248 cu ft per lb 

To find 1^2 it is necessary to use the equation of the path, i.e., pv = const. 


V2 


plVi — pzVi 

p2 

80 X 4.9248 
14 


~ 28.1 cu ft per lb 


(b) Entropy of the initial state 

Si = + XlSfgl 

= 0.4531 + 0.9 X bl676 
== 1.504 


Entropy of the final state 
Sz = S/2 + >^2Sfg2 
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The <^ualtty in the final state may be obtained from the ntio of P| to the 
saturation \-olume at Pt, thus 


r* • 28 1 
" r,t 28 W *" 

From thu wc see that the steam is a saturated i-apor at state 2 
St " /,* = I 7604 

Tlicn Aj » j, - j, = 1 7604 - 1 5040 
•» + 0 2564 Btu per ® R per lb 

(c) ifF* « ^ pdr, and for the patli gis'cn and per pound of steam 


ifFj w “ ** PiOi log* “ 

iTJ ,« 144 X 80 X 4 9248 

- 144 X 80 X 4 9248 X 1 7415 
« 99,000 ft lb per lb 

(d) rj — ri ■» [jlkt — Aj) + (/>iri — 

« 778(1 149 J - 1092 3) + 0 

- 778(57) 

- 44,350 ft Ib per Ib 
(c) Jtqt = rj — rj + iIT* 

44,350 + 99 000 14 3,350 

" 778 " 778 

“ + 184 Btu per lb 


Constant Enthalpy Change of Stale of Water Vepor (Throttling Process) 

All energy transforming machinery must be provided with suitable 
controlling apparatus for starting and stopping This apparatus must 
also be capable of controlling the operating speed if the load applied to 
the machinery is not constant In heat utilizing cycles, both of these 
objectives arc commonly attained by the use of a throttle valve v^hich 
regulates the quantity of medium admitted to the cycle A throttle 
valvr 15 essentially a fnctional mechanism which controls the flow of 
the medium post it by introducing a resistance to flow that may be 
vaned at will As a result, pressure is ahvays reduced by passage 
through the throttle. A certain amount of high-grade intnnsic energy 
m the medium u used to overcome the fnctional resatance and is 
thereby transformed into low grade heat energy In most cases, the 
throttling process is nearly adiabatic, so that all of thu energy remains 
in the system Its availability , hov>rvcr, has been considerably decreased 
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The inevitable conclusion is that the use of a throttle valve for speed 
control confers flexibility at the cost of efficiency. It is therefore desirable 
to be able to determine precisely the amount of the change of all the 
thermodynamic quantities involved in a throttling change of state. 

In the study of the Joule-Thomson effect we learned that an adiabatic 
throttling change takes place at constant enthalpy (page 132). The 
equation that defines the change is 

hi = ^2 

This relation makes possible the determination of one unknown coordi- 
nate for one of the end states of the change. For example, hi is readily 
determined from the tables from knowledge of pressures and quality 
if the medium is initially a wet vapor. If the steam is initially super- 
heated, pressure and temperature must be given either directly or 
indirectly. Then, if the pressure at the end of the throttling expansion is 
given, as is usually the case, the second state is fixed by pi and the 
constant value of enthalpy. 

The throttling process is essentially a flow process. No external work 
is done during it and we assume the ideal case to be adiabatic. Hence 
i< 22 and iWi are each zero. There is a change in intrinsic energy during 
the process which may be calculated by determining Ex and Ei from 
' the tables with the equation _ 

^ = A — ^ (per lb of steam) 

The two major items of interest in a throttling process are (1) the 
decrease in availability which accompanies the process, and (2) the 
physical characteristics of the vapor after throttling. So far as the first 
item is concerned, once the initial and final states are fixed, the values 
of sx and ^2 may be computed from the tables or read directly from the 
Mollier chart. The product of (^2 Ji) times the lowest available 
absolute temperature then gives the amount of energy rendered unavail- 
able by the process. In connection with the second item, reference to the 
Mollier chart shows that, except at very high initial pressures, quality 
increases during a throttling change. In fact, for initial states in the 
neighborhood of the saturation line, the steam may become superheated 
as its pressure is reduced by throttling. We shall refer to this property 
of the change in connection \vith the throttling calorimeter, described 
in the next section. It may seem an anomaly that, at one and the 
same time, availability decreases and quality increases. The fact is that 
during a throttling change the temperature decreases on the ^vhole and 
hence availability decreases. But the same total amount of energy 
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rcmaias m the s>-s(cm It takes less cncrg> to saturate a s-apor at a lou 
pressure than at a high pressure Therefore, if the total energ> m the 
s^'stem rcnaains constant, a saturated vapor becomes superheat^ as its 
pressure is reduced even though the temperature also decreases These 
ideas arc well illustrated by tracing a constant A expansion line on the 
Mollier chart 


Example 

Sieam m a main line at 200 Ib per sq in abs and quaht) 0 98 u throttled 
or • wiredrawTi ' to a pressure of 60 lb per sq in abs b> passage ihrouch a 
partially closed valse What is the quaht> of the steam afier ihrotthnc’ ^\Tiat 
IS the change in entropy and the unasailablc energy per pound of steam, 
assuming a condenser temperature of 100“ P 


SoluUtn 

For a throttling process A is constant Tlicfcfore 
Ai ■■ hi 

A/i + sriA/,1 ™ A/j + 


For an initial pressure of 200 Ib per sq in and quaht) of 0 98 and a final pres 
sure of 80 lb per sq m 


355 36 + 0 98 X 843 0 

Xi 


282 02 + ;rt(901 t) 

355 36 + 826 14 - 282 06 _ 
90t 1 


It ssall be observed that throttling has caused the steam to become practicaH> 
saturated Had the final pressure tiecn shghi]> lower the final state would 
has c been that of superheated steam 

With the MoUicr chart, determination of x* u quite simple State point t Is 
established at the intenection of the 200 lb pet sq tn presure line ancl the 0 98 
quality line The constant A line is then foIIoa%-^ to us intersection with the 
60 lb per sq in pressure line, at which point xi ma^ be read from die cliart 
Tlic values of Ji and s^ma) also be read directly from it as the respeeme alMcissas 
of state points 1 and 2 \Mien the tables are used, si and st are computed as 
follows 

It “ l/l + Xil/gi 

- 0 5435 + 0 98(1 0018) 

St •• //a + *V/ii 

- 0 4531 + 0 9982(1 1676) 

- 1 61859S 

It — Si “ 0 0933 Btu per * F per Ib Oncreasc) 

The chance m unavailable energy is equal to Ar times the absolute condenser 
temperature Therefore 

- (Aj)rf 
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The Thfottlrng Calorimeter 

The foregoing example shows that whenever we are dealing with a 
wet vapor we must have enough data to determine its quality. Actually, 
quality is readily determined experimentally. An apparatus often used 
for this purpose is the throttling calorimeter, which depends for its 
operation on the drying action of the throttling process. A schematic 
representation of this apparatus is shown in Fig. 5-6. A small sample of 



steam is withdrawn from a vertical section of the main steam line 
through the perforated pipe A. The steam expands into the chamber C 
by a throttling process through an orifice 0 to a pressure slightly above 
atmospheric. The chamber is fitted with a thermometer t, and a 
manometer or gage M, which measure respectively the temperature 
and gage pressure of the steam after expansion. The steam then passes 
to the atmosphere through the discharge valve D. 

If the steam is superheated as a result of the expansion, the recorded 
pressure and temperature in the calorimeter immediately define its 
state. The initial pressure of the wet steam in the line is readily meas- 
ured ‘with a gage. Then, since h is constant for the throttling process 
in the calorimeter, the quality of the high-pressure steam may be 
computed from 

hi = /Z2 
hfi + xihfgi = hi 

Values of h/i and hui are obtained from the tables for saturated steam 
at the pressure in the line. The value of hi is obtained from the tables 


Fundamental el Thcnnedynemtes 

for superheated steam for the pressure and temperature m the calonm* 
cter This lca\rs xi as the only unknown quantit) in the cquatiom 
Exmplt 

A sample of steam at a pressure of 200 lb per sq in abs is withdrawm from a 
main steam hnc and admitted to a throttling calonmetcr in which the pressure 
a 14 696 lb per sq m abs TIic temperature in the calonmetcr fa obsmed to 
be 290'* F WTiat u the quality of the steam in the line’ 


Solution 


From the given data of the second state, we determine the value of enthalpy 
ht Inspccuon of the saturation tables shows that at 14 696 lb per sq in aU 
the value of A, u 1 1 50 4 Btu per Ib, and the superheat tables gi\ e the s-aloe of 
Asoo^as 1192 8Btu per lb The saturation temperature at thu pressure u212*F, 
hence the temperature intcn al to 300’ F Is 88 F Tlicti by ordinary interpola- 
tion methods 

A, » A,«. - 1150 4 + 11(1192 8 - 11504) 

» 1150 4 + 37 6 
«■ 1188 0 Btu per lb 


For the initial state of wet steam at 200 lb per sq in abs, enthalpy u obtained 
from 

Al “ A/j + xiA/,1 

>= 355 36 +xi(843 0) 

Then, since Ai Aj 


355 36 + xi(843 0) 

Xl 


- 1188 0 
« 832 6 ^ 
" 843 0 * 


0 987 


An easier and quicker solution of the problem can be made by means of 
the Molher chart Locate state point 2 on the chart at the intersection of the 
t4 696 Ib per sq in pressure hnc and the 290’ F temperature hnc Trace a 
horizontal (constant A) line to its intersection with the pressure hnc (200 Ib per 
sq in ) of the initial condition of the steam The point of intersection is state 
point 1, for which the moisture « read directly from the chart as I', The 
initial quality is therefore (I — 0 01) - 0 99 


Ltmilolions ol ihft TKtoUling Calodmeler 

TVe xese cA \Vie 'tVmAVncrtg ta'ttmmtlct Aor ■mtasiKt.tnt'rA -cf 

i5 subject to twxj limitations Hrst, great care must be exercised in 
obtaining a representatite sample of steam from the mam hnc It is to 
meet this condition that the American Society of Mechanical Engineers 
recommends lhat (!) the sample should always be taken from a tfrticcl 
steam pipe, (2) the intake should be through a socalled calonmetcr 
nipple made of ^in pipe and extending into the steam pipe to a i>oint 
snthin ^ la of the opposite soil, (3) the end of the nipple should be 
plugged so that the steam roust enter through not less than 20 equally 
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spaced -J-iru holes. To make the throttling process as nearly adiabatic 
as possible, the Society* recommends that the connection bets%een steam 
pipe and calorimeter be as short as possible and that all external parts 
of the calorimeter be wtU insulated with hair felt 
The second limitation on the use of the throttling calorimeter comes 
from experiments which show' that quality measurements made with 
it are reliable only when the expanded steam has at least 70^ of superheat. 
Usually it is not com'enient to expand the steam to a pressure below 
that of the surrounding atmosphere. Consequently, the amount of 
moisture that can be determined accurately depends upon the pressure. 
If we trace a constant k line on the MoUier diagram from a state point 
at atmospheric pressure and 10^ of superheat, we see that if the pressure 
in the main steam line is 50 lb per sq in. abs, the greatest moisUire 
that can be measured is 2%; if the line pr^sure is 100 lb per sq in. abs, 
the greatest moisture that can be measured is 3.5 and so on. 

WTien the moisture content in the main steam line exceeds that \vhich 
can be measured ^\ith the throttling calorimeter, the separating calorim- 
eter or the barrel calorimeter is used. The first operates by separating 
the w'ater from the steam by abrupt change in direction and reduction 
of the velocity of the steam. Because the density of the liquid is many 
times that of the vapor, the moisture falls to the bottom of the vessel 
where its amount is measured ^rith a calibrated gage glass. The barrel 
calorimeter consists simply of a barrel partially^ filled Arith cold \vater. 
The initial weight of the barrel and its contents is carefully^ measured, as 
is also the temperature of the water. Steam is then introduced into the 
\vater through a pipe extending nearly’' to the bottom of the barrel. The 
steam condenses and thereby raises the temperature of the water. 
After an appropriate sample of the steam has been thus condensed and 
temperature equilibrium achieved by^ thorough stirring, the baiTcl and 
its contents are again w’eighed and the temperature of the ^vater noted. 
The heat given up by the condensation of the steam is equal to that 
gained by the w^ater, i.e. 

Mx\hf^\ + MQf — /s) = ^ t\) 

in which 

M = weight of \vet steam introduced (difference in initial and final 
%veights) 

Ml = \veight of cold w’^ater 
tf = saturation temperature at initial pressure 
ti = initial temperature of cold w^atci' 

h = final temperature of wMter after steam has been condensed in it 
h/i;j == latent heat of evaporation at i/ 
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AH of these quantities mi) be measured or determined from the steam 
tables. Hence the equation ma> be readily soh*cd for xi 

V ^ ^f^(h - /.) - AfOf - h) 

' Mkf.r 

I'hc student wiU find it profitable to gather tt^cthcr the \anotu 
formulas for non-flow water-vapor change of state and enter them in 
the indicated spaces in Table 5-1 

PROBLEMS 

1 State the practical 'ipphcations of the Clipeyroti and Clmsuis Clipcyron 
Equations 

2 State units for each term of the ClapeyTon Equation ^ - to 

bT r(pj — ri) 

that a consistent micm of units for the equation will result 

3 Uhat IS the boding point of water at an elevation where the average 
barometer reading is 622 mm’ The normal boiling point at 760 mm it 
100® C, and the heat of vaporization at this temperature u 533 cal per g 

4 The heat of v*aponziuon of water at its boding point, 100® C it 760 mm, 
IS 538 cal per g By means of the Qausius-CIapcy ran Equation ciladate 
the vapor pressure of w atcr at 54 5® C. If the cxpenmental value »s 1 50 mm, 
calculate the percentage error 

5 The vapor pressure of benzene (CiHi) « 548 mm at 70® C and 755 mm at 
80® C. (a) Calculate the quantity of heat required to v iponze a gnm of 
benzene (b) Calculate the v apor pressure of benzene at 90" C 

6 The mclung point of monoclmic sulphur u 100“ C anti it increases 0 05® C 
per atm The density of monochnic sulphur b ) 960 and its heat of fusion 
« 320 cal per at wt Calculaie the density of the liquid by the Clapeyron 
Equation 

7 Show on a 715 diagram the process of warming cvnporating, and super- 
hcaung a vapor at constant pressure Indicate liquid line, saturation line, 
region of liquid, region of wet mixture, and region of superheat Alto 
designate the area representing enthalpy of liquid, enthalpy of evaporation, 
and enthalpy of superheat 

8 Define saturated liquid saturated vrpor, superheated vapor, xsturadon 
temperature, saturation pressure 

9 What arc the coordinates of a MoUicr chart? Slcclch a Mollicr chart 
indicating the approximate trend of the various hres usually rrprescntrvi 
thereon 

10 \Yhat IS meant by thermodynamic coordinates, anti vvhal coordinates may 
be used to specify the state of (a) a gas, (b) a saturated vapor, (c) a wet 
vapor, (d) a superheated vapor’ 

11 a WTiy arc the vanous properties of vapors rot easily determinable from 

mathematical equauons’ 

b What means is available for readily ascertaining the properties of 
saturated liquids and vapors? 
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C LtJt the properties, and the s>TnboU used to identif> them which are 
found in (I) the saturated steam tables, (2) the superheated steam 
tables 

12 Define wet vapor Desenbe the procedure for ascertaining each of the 
properties of a wet v apor 

13 flow many coordinates arc gencnlly required to deienmnc the state of t 
medium’ How many for a saturated vapor’ In the saiumeed steam tables 
find the properties of 1 50 lb per sq in aba steam, of quality 0 9 

14 a WTiat is the qtialtt) of saturated vapor’ How does quality varj with 

adiabatic change’ How docs qualii) var> with throttling change’ 
b Using a Mollier chart, find the quality of steam which has expanded 
adnbatically and reversibly from a pressure of 50 lb per sq in abs and 
quality of 0 98 to a pressure of 10 lb per sq In abs 
c. Find the quality of steam which has been throttled at constant enthalpy 
from the same initial state to the same final pressure ns alwve 

15 One lb of water vapor at 35 ib per sq in abs pressure Ins a volume of 
9 264 tru ft Dctenmnc (a) its quality, (b) its temperature, (c) its entropy, 
(d) Its intrinsic energy, (e) its enthalpy h 

16 One lb of steam is at an absolute pressure of 100 Ib per sq tn and a tern-* 
perature of 500* F (i) Is this steam wet, saturated, or superheated’ 
(b) Determine (1) its enthalpy, (2) its entropy, (3) Its volume, (4) i« 
inlnruic energy 

17 In the follov>ing types of non flow changes of state of a vapor, wfiai prop- 
erty change measures the energy added or abstracted as heat’ (a) constant 
volume change (b) constant pressure change 

18 UTiat coordinate is constant dunng a reversible adiabatic change’ UTiat 
property change measures the work done in a non flow reversible adiabatic 
change’ 

19 Discuss the characteristics of in irreversible adiabmc change, a throttling 
process 

20 Dcscnbc the throttling calorimeter, state its principles of opcrition, and 
discuss Its limitations 

21 Two Ib of dry saturated steam at 230 lb per sq In abs pressure expand re- 
versibly and adiabatically to 12 Ib per sq in ibs (a) Dctenmnc the final 
quality (use the Mother chart) (b) Determine the v^ork done 

22 A minimum of 10* of superheat must be obtained in a llirotthng calonmeter 
to give an accurate measure of the quality of the steam admitted to it If 
the calonmeter pressure remains atmosphcnc, determine for several pres- 
sures the limiting amount of moisture that can be dctcmiined with the 
calonmeter and sketch a curve with V and * as coordinates to show £hc 
mnge of its apphcabihq 

23 One lb of steam having a pressure of 200 lb per sq in abs has a total cn 
tropy of 1 5400 (a) \\’hat ts the toul entropy of dry and saturated steam 
under the given preisure’ (b) Is the steam wet or dry’ (c) \\'hat b its 
quality’ 

24 A dos«l tank containing dry and saturated steam at 15 lb per sq fn abs 
pressure u submerged in a b^y of water at a temperature of 60* T 3Vhat 
will be the ultimate pressure and quality of the steam within the lank? 
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25. What will be the final enthalpy of dry saturated steam that is expanded 
adiabatically and reversibly from 150 lb per sq in. abs to 10 lb per sq in 
abs? 

26. Compute the external work done during the heating of 1 lb of water from 
32° F to a saturated vapor at a pressure of 300 lb per sq in. abs. Compare 
this with the heat which must be supplied. 

27. One lb of steam at a pressure of 100 lb per sq in. abs has a volume of 4 
cu ft and expands adiabatically and reversibly to 14.696 lb per sq in. abs. 
(a) What are the qualities at the initial and final conditions? (b) What is 
the work done during the expansion? 

28. One lb of steam at 100 lb per sq in. abs and 50% dry expands at a constant 
pressure. What work is done and what heat is required to double the 
volume? What is the temperature at the beginning and end of the expan- 
sion? 

29. Dry (saturated) steam at 100 lb per sq in. abs pressure contained in a closed 
tank is cooled until its pressure drops to 14.696 lb per sq in. abs. What is 
the final quality and the heat removed from each pound of steam?.^ 

30. One lb of steam at 100 lb per sq in. abs has a quality of 0.98. It expands 
along an « = 1 curve (i.e., n = 1 in pv^ = const) to a pressure of 14.696 lb 
per sq in. abs. (a) What is the volume at the beginning and end of the 
expansion? (b) What is the quality at the end of the expansion? (c) How 
much work is done during the expansion? (d) How much heat must be 
supplied? 

31. Determine the final quality of the steam and find the quantity of work 
^ performed by 2 lb of it in expanding reversibly and adiabatically from 

250 lb per sq in. abs pressure to 100 lb per sq in. abs, the steam being 
initially dry and saturated. 

32. Steam at 150 lb per sq in. abs has a quality of 0.90. (a) What is the 
entropy of the liquid? (b) What is the entropy of evaporation? (c) What 
is the total entropy of the steam? 

33. In a boiler, water is vaporized under a constant pressure of 150 lb per sq 
in. abs. The volume of 1 lb of the steam formed is 3.02 cu ft; the volume of 
1 lb of water (sat liquid) is 0.018 cu ft. Find the heat required to perform 
the work of expansion against the constant pressure. 

34. One lb of steam at a pressure of 150 lb per sq in. abs has a quality of 0.73. 
What ^vork is done and what heat is required to double its volume at con- 
stant pressure? 

35. In the throttling calorimeter the quality of steam is determined by permit- 
ting it to e.xpand (i.e., throttling it) at a constant enthalpy. Steam enters 
the calorimeter at 160 lb per sq in. abs and is throttled to atmospheric 
pressure in which state its temperature is 300° F. (a) Determine the 
quality of the original steam, (b) Check the result by the Mollier chart, 
(c) State briefly or indicate by diagram the method of determination by the 
Mollier chart. 

36. One lb of steam at 100 lb per sq in. abs and a temperature of 450° F ex- 
pands adiabatically and reversibly to atmospheric pressure, (a) Determine 
its enthalpy, entropy, quality, volume, temperature, and intrinsic energy 
in the final state, (b) Determine the work done during the expansion. 



Chapter 6 


Compressed Air 


TKe U*« of Compmstd Alt 

Until now, wc ha\c been concerned with the stud) of cnerg\ U'lav 
formations and the availabilit) of beat energ) Tlic object l\oS. been to 
gam a clear understanding of the principles which underlie the opera- 
tion of an> process for the transformation of the cnerg) of natural 
resources into industrial power In this and m subsequent chapters we 
shall consider the application of these fundamental pnnciplcs to some 
processes and cjclcs encountered in engineering practice 

We shall start with the stud) of compressed air, the uses of which 
range from producing the cooling breeze of the common electric fin 
to suppl>ing the motnc power for the high pressure pneumatic tools 
cmplo>cd in mdostr> Low-pressure air such as « used m vTntilation, 
air conditioning, combustion processes, dr>ing, and the IiIlC is ordinarily 
required m great v-olumc These requirements are best met b)'Sfans or 
blowers of the centrifugal or rotary type With these dc\nccs large 
volumes of air can be delivered at pressures from slightly above atmos- 
pheric to 25 lb per sq m or even as high as 50 lb per sq in gage Tlic 
solution of problems involving this type of air compression is largely 
based on empirical formulas provided m engineering and trade hand- 
books and need not be considered here 



Air at gage pressures ranging from 25 Ib per sq im to 5000 lb per sq in 
has a multitude of uses in indastry in supplying motive power to sucli 
tools as drills, hammers, hoists, and presses High pressure air »s al«> 
200 
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used as a means of transmitting power a considerable distance. In 
order to provide air at these high pressures the piston type of compressor 
must be used. It is also necessary to have a receiver, i.e., a storage tank, 
which receives the air from the compressor and acts as a source of steady 
supply for the air engine or motor. ' These three — the compressor, 
receiver, and engine — together with the connecting pipe lines, form 
the essential mechanical equipment of a compressed air cycle. It is with 
such a cycle, shown diagrammatically in Fig. 6-1, that we shall be 
particularly concerned. 

Such a compressed air system is not a heat 'engine in the sense that 
the term has heretofore been used in discussing transformation of heat 
energy into mechanical ^vork. Its primary purpose is not to transform 
a portion of the energy in a fuel into mechanical work but rather to 
transmit mechanical energy from one point to another through ^a_series 
qfjhermod)mamic processes. ^Air is an ideal medium for such ajcycle 
because it is conyer^ntly_and abundantly available for use at all times 
and places. In this respect it has the same advantages that water has 
as aTlnedium foF^apor cycles. Since atmospheric air is almost com- 
pletel^Talnixture of the so-called permanent gases, the various analyses 
in Chapter 4 pertaining to these gases may be applied here. 

The Ideal Compressed Air Cycle 

For various reasons any practical cycle must always deviate somewhat 
from the ideal. However, since an ideal cycle lends itself to clear ther- 
modynamic analysis, it will be used as a basis for this discussion. Some 
attention will also be given 
to the various causes of de- 
parture from this cycle. 

Most modern compressors 
are of the double-acting 
type, in which air is com- 
pressed on both sides of 
the piston; but since no 
difference in fundamental 
analysis is involved, the 
compressor will be con- 
sidered as single acting. 

Figs. 6-2 and 6-3 show 
the processes of the cycle on 
the pV and TS planes re- 
spectively. In the discus- 
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sion Pi wU denote initial pressure uithin the c>hnder, and />. \mH 
indicate tlic pressure of the inuneduitcly surroundinj* atmosphere. 
The volume at the initial state point A is the initial t-olume of air in 
thf C) Under at pressure Pi, For the ideal c>rlc without piston clear- 
ance tins is also the volume of air draw-n into the cjhnder on the 
intake stroke The compression, which is considered adiabatic in the 



ideal cj-cle, is represented bj the curse AD and takes place dunng 
a part of the return stroke Tlic receiver pressure is denoted b) 
Pi, and when this pressure is reached (point 73), the exhaust xalvTs 
open Dunng the remainder of the stroke the volume of air repre- 
sented b> Bb, at pressure /», is pushed bodily out of the cylinder and 
into the rcceurr without further change in volume Because of the 
compression, the intrinsic energy of the air is greatly increased and its 
temperature T- is therefore greater than the initial atmospheric temper- 
aturc Since the outside of the receiver in which the compressed air is 
stored is in contact with the atmosphere, heat flows from it to the sur- 
roundings, The pressure m the receiver is maintained constantly at Pi 
by the inflow of more air from the compressor so that the loss of heat 
results in a drop m the volume of the charge of air from Db to Cb This 
cooling process is represented on the TS plane by the constant-prcsnirc 
line DC It will be noted that ideally the air cools back to the atmospheric 
temperature T\ in the receiver Con-scqucnflv , the incretse in potential 
of the medium is that evidenced bv the higher pressure * Tlie loss of 
heat energy which occurs while the air is in the receiver is not desirable 
but is a necessary mult of the practical operation of tlie cycle. 

• Tbe '•Ul f.ivj h prof ubtc to frfcr «r«ia to tbf daevwon cC potesttil ta 92. 
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The net result of the cycle thus far has been to decrease the volume 
and increase the pressure of the air without permanent change of tem- 
peratur^and'herice without change in intrinsic ener^. This effect was 
brought about by 'work being done on the air. From this state, the 
air can expand to a lower pressure and hence to a temperature below 
atmospheric. Therefore it is capable of doing useful work at the expense 
of its intrinsic energy. 

In order to reach the engine the air must pass through a pipe line in 
which there occurs a slight expansion and drop in pressure as work is 
done against flow friction. Since pipes for compressed-air systems are 
never insulated, the compressed air ^vithin the pipe is in temperature 
equilibrium with the surroundings and the expansion may be considered 
isodiernaal_ at a tmospheric temperature. The expansion in the pipe 
line is represented by CD on both diagrams. The useful work of the 
cycle is done in the engine during the adiabatic expansion DE. At the 
end of this expansion the air exhausts to the atmosphere at temperature 
Ta. The exhaust air absorbs heat from the body of atmospheric air 
with which it mingles and is eventually warmed to atmospheric condi- 
tions of pressure, volume, and temperature. This warming process is 
represented by EA on both diagrams. 

Work of the Compressor 

The work done on the air by the compressor involves t^vo distinct 
items. The first is the work of the adiabatic compression during the 
change AB^ and the second is the work of moving the volume Bb of 
compressed air out of the cylinder against the receiver pressure. Here- 
tofore emphasis has been placed on the fact that work of compression 
or expansion is readily obtained by integrating It should be 

kept in mind that fpdV gives the work of a single process. The work 
of a cycle, however, must be obtained by combining the separate values 
of SpdV for the work of the several processes, with proper algebraic 
signs. The work of the compressor is represented by the closed area 
ABha, This area is equal to the sum of the areas under AB and Bh taken 
to the F-axis, which represent work done on the medium, minus the area 
under aA^ which represents work done by the incoming air on the piston. 
From the figures it follows that this amounts to finding the area between 
AB and the /?-axis. It is shown in the Ccdculus that such an area, in 
terms of the coordinates we have here, is given by fVdp. Then the 
work of the compressor is 

JFc = ~ V^Vdp 

Jvi 

The negative sign properly indicates work done on the medium. 
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In ev-aluanng this integral, P is expressed in terms of p from the 
equation of the adiabatic curve -df?, i e 
/>P s» A* (a const ) 

Then V »= Cp~», where C AT^ 

Substituting and integnting, we have 


K 






'-1 


Since 


ir. 


.Pi'-" - 

A - \ 
A 
A 


A - I 


I “ ^iP*) 


(I) 


To avoid the ncccssitv of determining Pj, the equation may be reduced 
with the aid of pj i* *= />jf i 


IP. 


A - 1 


Pii 




( 2 ) 


Pi IS the X'olume of air either per stroke or for an> number of strokes, 
compressed from the initial state pi 1 1 Ti to the fiml pressure pj To 
determine the horscpovscr developed in the c>Iindcr, we may use the 
expression 


hp « 


33000A - 'L Vi/ J 

m which case Pi is the vxilume of air compressed per iriraV 
B> similar anal>-sis the wTirk done by the air engine is represented by 
the'area DEad (Fig 6-2) and is given by the equation 

in which Pi and P» are the imital pressure and volume of air entering 
the engine and p, is the exhaust pressure 
Another useful expression for the work of compression may be d-rivcd 
from Equation (1) and the equation pi *= AtBT 

- Uijr,) 


( 3 ) 


U'. . 


■AfUen-Tt) 

k A 


( 5 ) 


B - Je, 


IP. « - T,) 


Then 


( 6 ) 
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In this equation M represents pounds of air compressed and Ti and 
are initial and final temperatures in the cylinder. 

Because the cooling process in the receiver occurs at constant pressure 
the quantity of heat rejected is determined from the equation 

Mcp{Ti — T 2 ) ( 7 ) 

Since, in the ideal case, the chainge BC is considered to be reversible, this 
quantity of heat is represented by the area bBCc on the TS diagram in 
Fig. 6-3. 


Source of Work Done by the Cycle 

A comparison of Equations (6) and (7) reveals that the work of com* 
pression is exactly equivalent to the heat rejected in the receiver. This gives 
rise to speculation as to the source of the work done by the cycle. In 
order to clear this up and show that the cycle is no perpetual-motion 
affair, let us make a careful study of the energy influx and outgo for the 
cycle as a whole. Since an air compression cycle is a steady-flow process 
in which the same weight of air enters the compressor as exhausts from 
the engine in a given interval of time, the steady-flow Energy Equation 
is directly applicable. The equation between the compressor inlet and 
the receiver outlet is 


— — b {Ea + PaV^ + (“^ J — ~2 g pcVc) + aW ^ 

Since the temperatures at the two state points A and C are identical, 
Ea = Ec and PaV a = pcVc and these terms cancel. When the rise in 
pressure is relatively high, the change in the kinetic-energy term is 


negligible; hence 


Muj^ j Muc^ 


reduces to 




and 


may be omitted. The equation then 


2^ 

” J bQjc = aWb ( 8 ) 

as shown in the preceding paragraph. If the equation is written between 
receiver outlet and compressor inlet for the flow through the pipe line, 
air engine, and atmosphere, we have 


Muc^ 


Mua^ 


+ {Ec pcVc) + JcQ,d + JeCIa ~ PaV a) 

+ bIVe + cFa (9) 

Because the temperatures at C and A are the same 
Ec = Ea and pcVc — PaV a 


cQp represents heat which flows into the medium from the surround- 
ing atmosphere during the passage through the pipe line. Actual 
isothermal flow through a pipe involves two separate energy trans- 
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formations T irst, if the process is re% er<ible, the work of expansion of 
the gas IS mamfestcd bj tlie increase of kinetic cnerg> that results from 
Its increased sclocity Since the temperature is constant, intnauc en* 
eigy IS constant, and so the equivalent of the work of expansion is 
supplied from the surroundings as heat Therefore, m the absence of 
other effects, the heat added during reversible isothermal flow m a pipe 
is equivalent to the change in kinetic energy Tfic second energy trans- 
formation that takes place m actual pipe flow results from the fact that 
all such flow IS frictional and licncc irreversible A certain amount of 
intrinsic energy is used to overcome the frictional resistance and is 
thereby transformed into heat Tlic latter remains in the system, where 
Us presence operates to change the amount of heat added tlunng the 
flow Moreover, because of this transformation there has been an in- 
crease in unavailability which is manifested by a smaller velocity of 
flow and hence a smaller v'aluc of kinetic energy than would have been 
obtained had the flow been fnctionlcss Inasmuch as we arc consider- 
ing an ideal cy clc, we shall consider the flow to be reirrsih/r (i c , fnction- 
less) and isothermal Then JcQd is equivalent to the increase in kinetic 
energy of the air as it flows through the pipe This energy is of course 
available at the intake to the air engine Practically, the spent air is 
exhausted from the engine with the same velocity as that with winch it 
enters As the exhaust air mingles with the atmcephcrc, all of the stock 
of kinetic energy it possessed by reason of its velocity is dissipated to the 
atmosphere by turbulence and other fnctionil effects Therefore 
JcQfi *= cf'j At both points C and A, the v clocity of the air is negligible 

and the terms and may therefore be omitted Equation (9) 

2g 

then reduces to 




( 10 ) 


Tthch shoiis that the source of the ttvtk ohtatned from the cycle tn thu cut engine 
ts thu heat absorbed Jiom thu atmosf’hure by thu air as it uarms/rom its s*ate at 
exhaust to atmorpheric cordiUons 

Although this statement answers llic question concerning the source 
of the work done by the cycle, it is profitnblc to go one step further 
and establish the energy balance for the entire cycle. If Equitions (8) 
and (10) are added, wc have 

- Jtilc -f (”) 

i)ir» IS the work we c^tsm from the cyxle, and 4^1** is work nfflitd to 
the cycle. Consequenth, from Equation (11), the net loss in energy for 
the whole cycle is equal to the difference between the heat rejected dur- 
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ing the change BC and that absorbed during the change EA. Since 
this is an ideal cycle in which all processes are reversible, the difference 
is shown on the TS diagram in Fig. by the area dEABCc. We may 
say that this loss represents the cost in energy which must be paid for 
the convenience of using compressed-air machinery. 

The foregoing discussion shows that the nature of the cycle is such that 
the price paid in energy is maximum and hence the efficiency is mini- 
mum. The optimum performance would be obtained if the area dEABCc 
were reduced to a minimum. As may be seen from Fig. 6-3, this con- 
dition would be achieved if both compression and expansion were 
carried on isothermally. The work of compression would then be mini- 
mum and the work of expansion maximum. No practical method is 
available for changing the expansion in the engine to the isothermal 
condition. However, it is both possible and practicable to alter the 
nature of the compression so as to improve materially the efficiency of 
the cycle. We shall now give attention to the methods by which this 
improvement may be effected. 

Water Jacketing 

The energy stored in the air during the compression process is or- 
dinarily not utilized but flows out of the system during the cooling proc- 
ess in the receiver. Hence any rise in temperature during compression 
indicates a useless expenditure of work. This waste of energy can be 
reduced by surrounding the cylinder with a jacket through which 
cooling water is circulated. The effect is to remove heat energy during 
the compression and thus cause the compression curve to tend toward 
the isothermal. Consequently, for an actual compressor, the typical 
equation of the compression curve in terms of p and F is = const. 
The limits of n are 1.4 for adiabatic compression and 1 for isothermal 
compression. Water jacketing ordinarily causes the value of n to lie 
in the region of 1.3 to 1,35. 

On the diagrams (Figs. 6-’2 and 6-3) AB is the adiabatic path, AC the 
isothermal path, and AF the polytropic path which result from water 
jacketing. The saving in work is indicated by the area ABF on the pV 
and TS diagrams. The heat rejected to the water jacket is represented 
by the area bAFf on the TS diagram. By substituting n for Equations 
(1) and (2) become 

W, = {piVx - piV^) 

n — 1 



( 12 ) 

( 13 ) 
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The heat gnen up to the cooling uaier may be defenmned by ap. 
plyang the equation 

Q = Mc^ Ar 

The specific heat Tor a poly tropic change ^^ra3 shown on page 154 to 
Substituting, we ha\c 

= Me. (f^)(r. - ro’ (H) 

The heat rejected at constant pressure in the rcceiv’cr is represented by 
the area JFCe and 

rQ,c » - r.) (15) 

Adding these two equations to obtain the total heat rejected gives 

„ _ Tt) 

— (16) 

Since Tt corresponds to pressure pt, MDTi “ /il'i and MBTi “ /il j, 
so that 

Thus, as for the ideal cyxie, /A/ total heat rejected ts equivalent to the uvrk oj 
corrpreiiJon 

The following example will serve to illustrate the application of the 
equations derived 

Example 

4 7 cu ft of air are compressed and dclnered per stroke from an initial pres* 
sure of 14 5 Ib per sq in abs to a final pressure of 80 lb per sq m abs and final 
TOlurne of 1 25 cu ft Determine (a) the work of die compressor per stroke, 
(b) the work saved b> water jackcung, (c) the heat rejected to the water jacket 

* Bear la mlad that iiace- ** aefiure far value* of • betwea \ and i, QjmM* 'dtl be 
oef *bve, $a It ihould be to Lodicite beat flow /ram the rystrai. 
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Solution 

(a) It is first necessary to determine the value of the exponent n for this 
compression. Using the expression derived on page 39, we have 

^ log /?2 - \ogp\ 

" log Fj - log Fj 

and substituting the given data, we find that n equals 1.29. 


IVc^ 


n — 1 
1.29 


piVi 


['-n 




X 144 X 14.5 X 4.7 | 

= (— ) 20,400 ft-Ib per stroke 

The negative sign properly indicates work done on the medium. The horse- 
power developed in the cylinder can be readily determined by considering the 
number of strokes per minute and applying the factor 1 hp = 33,000 ft-lb per min. 

(b) To determine the saving in work, find the work required if the compres- 
sion were adiabatic from 


JVc = 


k- 1 
1.4 


piVi 


[-e;: 


i=X-\ 


= ^ X 144 X 14.5 X 4.7 
0.4 


[' - &] 

= (— ) 21,600 ft-lb per stroke 

The saving per stroke resulting from water jacketing is 21,600 — 20,400 = 
1200 ft-lb. This represents a saving in work of about 5^%. 

(c) The heat rejected to the water jacket is 

(lx = Mc,^^iT2-Td 


— r© * 


1 — n 
k ^ n 


(MTz - Afro 


Since 


1 — « 

pv = MBT, MTx = MTi, = 

S' - 

= — 5.64 Btu per stroke ' 

Multi-Stage Compression 

It is impractical to carry out a compression ratio above 5 or 6 to 1 in a 
single cylinder because of the unwieldy size and weight of the cylinder 
required and the high final temperature involved. To avoid these 
difficulties compression is carried on in two or more stages, depending 
on the compression ratio to be attained. In the multi-stage compressor 

( 3Q \0M 
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the air passes from the first c> hndcr through an intercooler before ndmts* 
Sion to the second c> hndcr, and so on Water is circulated through coils 
in the intercooler to remove the heat of compression, the ideal cflect 
sought IS to loucr the temperature to atmospheric in each intercooler 



This IS seldom obtained, but a substantial reduction of \%ork remits 
from the cooling, as is indicated b> the />r diagram (Fig which u 
reprcscntaiisc of three-stage compression with complete mtcrcoohng 

AM represents the path of an adiabatic compression and AN the 
path of an isothermal compression beiwecn pressures pi and AC rep- 

resents a poI> tropic single stage compression The path ADbCcD sliows 
the effect gained by multi staging with perfect inicrcoohng, and the 
shaded area represents the ssork sased o\cr that of an adiabatic single- 
stage compression It will also be oliscrvcd that there is a saving in work 
over that required for comprcvsion along the poly tropic airvc AL 
Hence multi staging, in addition to avoiding excessively high tempera 
turcs and unwieldy cylinder size, also has llic desirable effect of decreas- 
ing the total vvork*of compression 

On the TS diagram the areas under Ali, hC, and cD represent the 
heat rejected to the respective water jackets Tliosc under IJb and Cc 
represent the heat given up by the air in the receiver The sViadcd area 
represents the heat equivnlent of the work saved over adiabatic single 
stage compression Tlie work done in each cylinder may be computed 
from Equation (13) (page 207) 

Volumeblc Efficiency. CI«ifone» 

The capaaty of a compressor is rated by the number of cubic feet of 
free atr which it is capable of compressing per unit of time Free air 
IS defined as air at atmospheric temperature and pressure at the 
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location of the compressor. Thus far, our analysis has been concerned 
only with the compression of a given initial volume of air from its cor- 
responding temperature and pressure to a new pressure. The present 
object is to determine the relationship between the volume of free air 
compressed per stroke of the piston and the volume swept through by 
the piston during that stroke. This relationsliip is affected by the prac- 
tical necessity that a certain clearance be allo^ved between the piston 
and the cylinder head at the end of the stroke in order to avoid injury 
to the compressor if there is water or some other incompressible material 
in the cylinder. 

The volume of air which remains in the clearance space at the end 
of the compression stroke acts as a cushion or spring and expands 
against the piston on the return stroke. In expanding, this air does the 
same work on the piston as was done on it by the compressor stroke. 
Hence there is no net effect on the work of compression from the action 
of the ^‘cushion air.” However, each time this volume of air expands 
back to the initial pressure, it occupies a certain volume of the cylinder 
which cannot be occupied by intake free air. 

Another influence which must be considered in determining the 
volume of free air compressed per stroke is tlae slight reduction of the 
initial pressure wdtliin the cylinder be- Pi 
low atmospheric pressme. This results 
from the creation of a slight partial 
vacuum by the piston on the intake 
stroke. It is this reduction in pressure 
which makes it possible for the atmos- 
pheric pressure to force free air through 
the intake valve. 

Let us now refer to the pV diagram 
in Fig. 6-5 for the analysis of these 
effects. Atmospheric pressure is repre- 
sented byAa- Initial and final cylinder 
pressures are denoted by px and pz 
respectively. Vc is the clearance vol- 
ume and Fp is the volume s^vept tlo^gh by the piston, often called 
the piston displacement volume. 

As the piston reaches the end of the compression stroke and discharges, 
there is a volume of air Vc at pressure /?2 that remains in the cylinder. On 
the return intake stroke this volume of air expands along a path which 
may be considered to have the same equation as that of the compresr 
sion, i.e. 
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Therefore 

Then 


pi* ^ comt 
ptl “ /ifV 



u the \-olumc occupied by this air at pressure /i Since the >X)Iume of the 
cylinder is T, + f the remaining x-olume which may be occupied by 
air at pressure ;>i is (!', + 1',) •“ which we shall call I'l If the free 
air IS considered to enter the cylinder at constant temperature, which is 
substantially the ease 

/il\ and ^ I't 


The ratio of l\ to V, is called the s-olumctnc cfTicicncy 

r. !2i: 

Vp mayr be expressed m terms of Ti and of the clearance ratio ^ in the 
followang way ' 

Since *» r, + Vp — Trf 


Hence 




Then 


Let the clearance ratio ~ be gnen the symbol r, and 

* f 






1 + r — f 


( 17 ) 


This equation expresses the s-olumetnc cfikicncy in terms of atmos- 
phenc pressure, initial and final cylinder pressures, and the clearance 
ratio, all of which arc easily observable quanttues. The expression in 
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brackets is frequently called the clearance factor. The determination of 
n for any poly tropic compression has been discussed on page 39. The 
following example illustrates the application of the above analysis. 


Example 

Determine the capacity of a single-acting compressor under the following 
conditions. 

Atmospheric pressure, 14.7 lb per sq in. abs 
Cylinder dimensions, 18-in. bore by 24-in. length 
Clearance, 0.5 in. 

Compressor speed, 100 rpm 

p\ = 14.5 lb per sq in. abs 
p 2 = 70 lb per sq in. gage 
“ 84.7 lb per sq in. abs 
n = 1,33 


Solution 

Cylinder volume 
Clearance volume (Fc) 

r 




Vv 


Capacity 


4 


X 2 == 3.54 cu ft 
0.5 


= 0.0215 


X — = 0.074 cu ft 
4 12 

3.54 - 0.074 = 3.466 cu ft 

Fp 3.466 

P 

P 

14 

14, 

0.928 




1 + 0.0215 - 0.0215 



Va X strokes per min 
Fp X ij. X 100 

3.466 X 0.928 X 100 = 322 cu ft of free air per min 


The work of the compressor may now be computed by Equation (13). 


Wc = 


n - 1 


/-iF: 


{'-m 


Since /?iFi = paVa this equation may be written 


= 144 X 14.7 X 322 

0.33 

= 1,518,000 ft-lb per min 


[■-CiSf] 


rj^ ... . 1,518,000 _ 

1 he correspondmg horsepower is - qq ' q ~ ~ 
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The last figure represents the horscpmitr required at the piston face 
for compressing and dehsenng the air and should not be confused ssiih 
the power requirement for drlv^ng the compressor The latter must of 
course include not onl) the power requirement for compression, but 
also sufficient power to make up for all energy losses resulting from 
friction of the mechanism 

At first It might be thought that consideration of sulumctnc cffiacncy 
should be giv-en to each mdmdual cylinder in multi stage compression. 
This IS not the case Once the air is in the fint c>Imdcr, the fact that 
the process is essentially one of flow requires that the same quantity 
mast pass on to each succeeding cylinder Inspection of Equation (17) 
discloses that ij, decreases as />* increases Hence decreasing the final 
pressure in the first cylinder by multi staging has the effect of increasing 
s-olumetnc efficiency 

Th« Alt Engln« 

Let us now shift our attention from the process of compressing and 
delivering air to the receiver to the flow of the compressed air to the 
engine and its use therein Ordinarily the engine u somewhat removed 
from the receiver so that the air must flow through a pipe line or hose 
before it is ready to do work by expanding m the engine This flow 
causes some drop in pressure because of expansion and flow fnetton as 
discussed on page 203 Tlic piston ty^x: air engine docs not differ 
essentially from a steam engine in fact a steam engine may be drivxn 
by compressed air wnthout change in its construction Jack himmcn 
and similar tools require special valve arrangements but these do not 
modify or change the thermodynamics of the air expansion. In the 
engine the expansion is usually so rapid tliat there is little or no heat 
interchange between the medium and the surroundings The expansion 
may therefore be considered adnbatic 

TIic work of such an expansion represented by the area dDEa 
(Fig 6-2), has already been showm to be 

The expansion is accompanied by a temperature drop, as shown on the 
TS diagram (Rg 6-3) If the pressure range is great enough, tlui 
temperature drop may result in the freezing of any moisture contained 
in the air If ice formation is excessive, it may create operating diffi 
cultics by causing the valves and other moving parts to suck Tlie 
trouble IS not uncommon if encountered it can be avoided by rchcaung 
the air just before delivery However, this is not the pnnapal advantage 
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to be obtained from reheating, as will be shown in the following 
paragraphs. 

Reheating 

Reheating compressed air just before delivery to an air engine is often 
employed to increase the work of the engine. The effect of this process 
is schematically illustrated on the TS diagram in Fig. 6-6. The proc* 
esses BJ, JE, and EF arc the same as previously described in connection 



with Fig. 6-3. The air enters the reheater at the state shown by point F 
and absorbs heat at a constant pressure, as indicated by the path FH. 
As a result both temperature and volume increase. It follows that the 
increased energy of the air results in its being able to do more work per 
unit weight. The heat equivalent of the increase in work is represented 
by the shaded area in Fig. 6-6. 

The process of reheating is practical and several types of reheaters , 
are available. When the heat is supplied directly by the combustion of 
fuel, it has been found that the fuel requirement is about one-seventh 
of what would be necessary to develop the additional power required 
to increase the compression pressure enough to give the same engine 
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output When it is comrnicnt to u<c heat uhicli w-ould othcnsasc be 
wasted, such as the heat in exhaust steam or flue gases, a more pro- 
nounced economy naturally results 

Overall EfRdency of the Comprened Air Cycle 
The o\crall cfTicicncy of the compressed iir phni necessanJ) depends 
on the ratio of the work done by the engine to the total energy supplied 
to the cyrlc Before leasing this subject it is worth while to note the 
important influences sshich gosem this ratio TTierc arc a number of 
losses which ma> occur from the moment a certain quantil) of air enters 
the compressor until U leases the engine Tlicy may be summarued as 
follows 

1 Entrance of air to the compressor at a temperature nbosc ntmos 
phene This results in a lower ss eight of air being compressed per 
stroke Further the resulting higher temperatures cause an increase 
in the posscr required to compress a gism weight of air Tlic air 
suppl> should be taken from the coolest asailable spot 

2 Mechanical faction in the compressor 

3 Mcclianical imperfection m the compressor cylinders, t c , insufiicicnt 
saJse openings and leaky salses and piston nngs 

4 Incflicicnt jacket cooling with resultant high tcmjicraturc and in 
creased tvxirk of compression 

5 Flow friction in the pipe line, resulting in loss of both energy and 
pressure 

6 Loss of air in the pipe line due to leaks 

7 Mechanical faction in the engine 

8 Incomplete expansion m the engine Complete expansion to atmov 
phene pressure is not practical for the following reasons 

a The cylinder must be large 

b The air must exhaust at a pressure abosc atmospheric to o\cr- 
come fnction and the back pressure of the atmosphere 
c Unless reheating is employed the temperature mi> drop so losv 
as to caasc Ircczing ol the moisture around I'nc cjdiaost vaVves- 

PROBLEMS 

1 Show ihe complcie ideal compressed air qxlc on /I and TS diagrams. 
Diseuss the processes occurring around the cycle and indicate the device 
in which each one occur*. State where work h done on or by the cycle and 
sphere and how heat flows 

2 Illustrate with f>l awl 7^ diagrams the efleet of water jacketing an air 
compressor cylinder Discuss the ads-aniagcs which result from wrater 
jacketing 
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3. What horsepower is needed to compress and deliver 1500 cu ft of free air 
per min to a receiver in which the pressure is constant at 44.1 lb per sq in. 
gage? Initial pressure within the cylinder is 14.3 lb per sq in. abs. At- 
mospheric pressure is 14.7 lb per sq in. abs. n = 1.3. Clearance 10%. 

4. Define free air, clearance, and volumetric efficiency, and state their rela- 
tion to air compression analysis. 

5. Illustrate the effect of multi-stage air compression by pV znd TS diagrams. 
Why is volumetric efficiency concerned only with the first stage in multi- 
stage compression? 

6. Air initially at 15 lb per sq in. abs and temperature of 70*^ F is compressed 
according to the path equation 

^J7i- 33 ^ const 

to a pressure of 75 lb per sq in. abs and is then cooled at this pressure to 
70° F. Find (a) the total heat rejected in the receiver per pound of air 

Cp = 0.24 Cv = 0,17 

(b) the heat removed in the water jacket. 

7. Show the effect of clearance in air compressors on a. pV diagram and locate 
the coordinates which give the volume of intake air, the clearance volume, 
and the piston displacement volume. How is the volume of intake air 
related to the volume of free air, and what is the volumetric efficiency? 

8. Why is less work required in compressing air to a given pressure isother- 
mally than is required when the process is carried out adiabatically? 

9. What is the meaning of the sentence, “Don’t make a Diesel engine out of 
your air compressor,” which has appeared in an advertisement for com- 
pressors? 

10. What is the result of heating compressed air just before its admission to the 
air engine? If this heating is done by the admission of steam to the air 
line, what precautions must be taken? 

11. Why is it, since in a compressed-air system eill of the work of compression 
is given up as heat in the intercooler or receiver or both, that work can 
still be done by the air expanding back to atmospheric pressure? 

12. Find the theoretical horsepower developed by 3 cu ft of air per min that 
has a pressure of 200 lb per sq in. abs if it is admitted and expanded in an 
air engine with one-fourth cutoff. The value of n is 1.2. (Neglect clear- 
ance.) 

13. What is the temperature in the exhaust pipe of an engine, if air is supplied 
at 100 lb per sq in. abs and 70° F and expands adiabatically to atmospheric 
pressure? (12 lb per sq in. at location.) 

14. What volume must be provided in an air receiver to hold 20 lb of air if 
the pressure is 250 lb per sq in. gage and the temperature 1 00° F? If the 
temperature then drops at const p to 70° F, what will be the volume? 
What additional weight of air at 250 lb per sq in. gage and 70° F must be 
supplied to maintain the constant pressure? 



Qapter 7 

Internal Combustion Engines/ the Otto 
and Diesel Cycles 


Early Devetopmenb 

In ihc preceding discussion of the compressed air c>clc it was pointed 
out that reheating oRcrs a means of increasing the cncrg> content of the 
air, and thus prondcs for an increased output of u-ork b) the engine 
This idea easily leads to the thought that a cyxJe with air as the medium 
might be arranged to transform heat energy into s\ork Tlie concfusion 
IS not new In the early pan of the nineteenth century 50*cral msesti* 
gators proposed such a cya:le 

Robert Stirling an Engltshman, built a hot air engine designed to 
utilize the cxpansisc poucr of furnace-heated air John Ericsson, a 
later imxntor and the builder of the Afoniter, designed and built hot 
air engines ivliich i>crc installed in a 2200-ton ship Tlicsc engines had 
four single-acting cylinders 14 ft in diameter, and operated with a 
piston stroke of 6 ft With an engine speed of 9 rpm, Ihc plant developed 
300 hp Air has tiso physical properties i%hich greatly affected the 
design and operation of Encsson’s engine Its rclatii cly loiv specific heat 
required an enormous cylinder size in comparison uith the horscpoi%cr 
des eloped, and its rclatiscly low conductmty caused the metal sepi 
rating the furnace and the medium to become too hot to witlistand 
continued use For these reasons the hot air engine seas found imprac- 
tical and Its use has been abandoned Histoncally these attempts arc 
of interest because they had a place in the dcselopment of the science of 
engineering therraodyTiamiCs and show the trend of thought at that 
time 

Tlic dcsclopment of the steam engine produced a practical heat 
motor, but thoughtful in\e3tigators sought a more efficient means of 
transforming heat into work Taking cognizance of the rclatnrly losv 
temperatures associated with working steam pressures and the loss of 
as-ailabilits of energy occasioned by the flow of beat from high furnace 
temperature to low steam temperature, these insrstigilors tried to 
dcsTsc a way to utilize the heat at a temperature nearer lo that com- 
bustion After Stirling’s and Fncsson’s unsuccessful attempts with 
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external combustion cycles, in which the medium was heated by a 
separate furnace, this approach to the problem was abandoned. Atten- 
tion was then given to the possibility of carrying on the combustion 
within the working cylinder itself. This idea proved practical and the result- 
ing cycle, appropriately called an internal combustion cycle, is widely used 
today. In an internal combustion engine the hot gaseous products of 
combustion constitute the medium. 

The first internal combustion engine to attain any degree of com- 
mercial success was the Lenoir engine patented in France in 1860. It 
operated on a two-stroke cycle as fol- 
lows (Fig. 7-1): The gaseous mixture 
of fuel and air was admitted to the 
cylinder at atmospheric pressure for 
about half the downstroke {AB). As 
the inlet valves closed, the charge was 
ignited. There resulted a quick rise in 
pressure (jBC), followed by expansion ^ 
and power delivery during the re- 
mainder of the stroke {CD). On the 
return stroke {DA)^ the products of 
combustion were swept out of the 
cylinder. The engine was also made double-acting by carrying out 
the cycle alternately on each side of the piston. The Lenoir cycle was 
not very efficient and soon went into disuse when other inventors per- 
ceived the possibility of increasing the temperature of combustion, and 
hence improving efficiency, by compressing the air and fuel mixture within 
the cylinder before ignition. 

In a patent obtained in Paris in 1862, Beau de Rochas stated the 
principles and the requisite cycle of operation for an internal combustion 
engine in which compression of the fuel mixture was an essential feature. 
The Otto engine, brought out in 1876, operated on the same compression 
cycle that Beau de Rochas had proposed. The Otto engine is said to 
have been invented independently of knowledge of Beau de Rochas' 
work. In any event, the cycle has acquired the name ^^Otto cycle” and 
is the one used in the modern gasoline engine. 

Contemporaneous with the work of Beau de Rochas and Otto, a 
different idea for an internal combustion cycle was presented. It 
proposed that the air required for combustion should be compressed 
before mixture with the fuel. This idea was used in an engine patented in 
1872 by an American, George B. Brayton. In the Brayton engine, air 
compressed by a separate unit, together with gasoline or kerosene 



lenoir Cycle 
Fig. 7 - 1 . 
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vapor, was admitted to thcc>llndcr at the beginning of the poucrstrolr. 
The mixture \\*as immediately ignited and the admission of compressed 
air and fuel continued for the first part of the poucr stroke, Tlie effect 
produced was practically a constant* pressure burning and expansion 
until fuel and air -wTre cut off, followed by expansion sviih declining 
pressure to the end of the stroke. Tliis engine was not a commercwl 
success because of the complexity of Its etjuipment and the danger of 
external explosion. In 1893 Rudolf Diesel invented the Diesel engine, 
svhich successfully cmplo>-s the principles of the Ilrayton engine by 
tampressini; air alone u'lthm the Qltnder. Tlie constant*prcssurc slow-burning 
effect is obtained approximately by injecting liquid fuel during the 
initial part of the power stroke. 


The Otto Cycis 

Since modern internal combustion engine dcsrlopment is focusetl 
on the Otto and Diesel carles, wc shall consider the essential features of 
each in some detail Tlic gasoline engine so widely used in the auto- 
mobile is a common example of the application of the Otto c>elc. This 
cycle is also employed extensively in nunne and stauonar)' engines, 



particularly for those of rclaiwcly small size. In this t>pe of engine 
gasoline vapor or combustible gas, mixed ss ith air in a carburetor, enters 
the cylinder through the intake sTiUx during the downs troke of the 
piston (stroke 1) (sec fig. 7-2). At the bottom of this stroke, the intake 
>-al\-c closes and the mixture is compressed on tlic return stroke (stroke 2). 
At the end of the compression stroke the mixture is ignited b>* an electric 
spark and combustion occurs srith cxplosisx effect and hence at nearly 
constant %x)lume. Expansion of the products of combustion forces the 
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piston down (stroke 3) and work is delivered to the crankshaft. The 
following upstroke (stroke 4) of the piston clears the cylinder of the 
products of combustion and the cycle begins anew. Because four 
strokes are required for its completion, this cycle is commonly referred 
to as a four-stroke cycle and the engine which operates on it is called a 
four-stroke-cycle engine, or sometimes simply a four-cycle engine. 

The two-stroke-cycle engine, which is a modification of the above 
type, is designed to permit entrance of the fuel mixture via the crankcase. 
Sufficient pressure is developed in the crankcase so that, with suitable 
port arrangement, the fuel enters the cylinder and displaces the products 
of combustion immediately after the expansion or working stroke. The 
ports then close and the mixture is compressed as in the four-stroke 
cycle. The cycle therefore dispenses with the intake and exhaust strokes 
of the four-stroke cycle and completes its operation in only two strokes 
of the piston. In some modern two-stroke-cycle engines, crankcase 
compression has been eliminated by using separate scavenging blowers. 

In a multiple-cylinder engine the operation of each cylinder is a 
cycle unto itself. At a given instant, each cycle is at a different stage of 
progress. By proper spacing of the working strokes of the several cyl- 
inders, an almost uniform turning effort is supplied to the crankshaft. 

The distinctive features of the engine that employs the Otto cycle are: (7) the 
mixing of air and fuel outside the cylinder^ (2) the compression of this mixture 
ivithin the cylinder before ignition^ and (3) combustion of the mixture at nearly 
constant volume. The characteristics of the fuels used in this cycle impose 
a limitation on the ratio of compression that may be used, first, because 
spontaneous pre-ignition may occur if the temperature resulting from 
compression is sufficiently high, and second, because most fuels suitable 
for use in the Otto cycle detonate if ignited when under excessively high 
pressure. The term “ratio of compression” used in the preceding sen- 
tence signifies the quotient of the volume of the medium at the begin- 
ning of the compression stroke and the clearance volume. Because of the 
great thermodynamic advantage to be gained from a high compression 
ratio, a great deal of research has been and is now being carried on to 
develop fuels suitable for use in engines designed to operate with such a 
ratio. The present ratio of 6 or 7 to 1 used in automobile engines will 
doubtless give way to higher ratios as fuel development progresses. 

The Diesel Cycle 

The ordinary Diesel engine may also operate on a four-stroke cycle 
but has the distinctive feature that air alone is compressed in the cylinder. Be- 
cause of this it is not subject to the limitation of the compression ratio 
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impoicd on the Otto Cixle Higher compression ratios require engines 
of heavier construction Consequently the Diesel weight per umi 
horscpon-cr is high m comparison mth Otto engines. Up to the present 
time the Diesel engine has been used principall) for stationary powr 
plants, marine scmcc, and heavy-duty transportation units Hoimxr, 
the trend seems to indicate a more general use of these engines in auto- 
mobiles and airplanes 

The cyxlc of operation of the four-strokc-cyclc Diesel engine u as 
follows (see rig 7-2) Atr enters the cylinder on a douiistrokc of the 
piston and is compressed on the return stroke. Compression ratios of 
12 to 1 and rnTr arc common, and frequently the intike air is supplied 
to the engine at a pressure well above atmospheric Near the end of the 
compression stroke liquid fuel is injected into the cylinder through a 
spray s-alvc As a result of the lugh compression, the temperature of the 
air IS sufficiently high to cause spontincous combustion of the atomized 
fuel immcdntcly upon its entrance into the cylinder Tlius the standard 
ty’pc Diesel engine requires no ignition system Tlic rate and duration of 
fuel injecuon arc controlled to obtain clTicicnt combustion and there 
results a practically constant pressure expansion dunng the combustion 
process. After the completion of fuel injection and combustion, expan- 
sion of the products of combustion, with declining pressure, continues 
for the remainder of the working stroke. Dunng the following upstroke 
of the piston the products of combustion arc swept from the cy Under, thus 
completing the cycle 

The two-stroke cycle is also applied extensively m Diesel engine 
design ‘In fact, large instalbtions arc frequently built both two-cycic 
and double-acting m order to avoid excessive size and weight. 

Methods oF Computing Efficiencies of Inlemal Combustion Engines 

SevTraJ different approaches may l>c made to the study of the per- 
formance and efficiency of internal combustion engines of both the 
Otto and Diesel types The value and importance of each mctfiod de- 
pend largely upon the extent and purpose ol the information desired 
For example, one item in which the manufacturer and operating engi- 
neer arc tally interested is the actual power output under varying oper- 
ating conditions. Tlicy are also interested m the fuel required per unit 
of power developed \N’hiie the designing engineer may also be stijvmg 
for maximum power output together waih good fuel economy, his study 
must include a detailed analysis of the underlying thcnnod)'namic 
pnnaples mvoIvTd 

• Ptfnouoo ct rwv-qrclf Jtnd oibnr modificatiem uf ike appLeatJoo c/ ike 

tkrtd cycle* pwy ^ found In any ttindanl lext on mnbuRiaa ne*. 5e* 

J A, IWUm, Cmhtstm EAfittt, VV uef 
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Indicated Power and Brake Power 

The indicator diagram provides one direct means of obtaining infor- 
mation concerning the operating perform^ce of an engine. Typical 
indicator diagrams from Otto and Diesel engines are shown in Figs. 7-3 
and 7-4 respectively. These diagrams are obtained by use of the so- 
called engine indicator. This device is attached to the engine cylinder 



Tig. 7-3. Typical In- 
dicator Diagram of 
Four-Stroke Otto Cycle. 
(Pump loop exagger- 
ated.) 



Fig, 7-4. Typical Indica- 
tor Diagram of Four-Stroke 
Diesel Cycle. (Pump loop 
exaggerated.) 


cind by its operation traces on the indicator card a graphic record of 
the pressure-volume changes around the cycle. A calibrated scale 
relates the actual pressure and volume within the cylinder to all points 
on the diagram * (see also page 49). 

Figs. 7-3 and 7-4 show that the engine indicator traces a closed cycle 
on the pV diagram. It should be recalled that the area of any closed 
cyclical diagram is a representation of the net work of the cycle. Prac- 
tical use of the diagram involves the computation of the mean effec* 
live pressure. This pressure is simply the mean ordinate of the indicator 
diagram, or the constant pressure which, if applied unopposed to 
the piston during the power stroke, would produce an amount of work 
equal to the net work of the cycle. The closed area of the diagram may 
be measured with a planimeter; if this area is divided by the length of 
the diagram, the quotient times the pressure scale equals the mean 
effective pressure. 

The work evidenced by the diagram is the work accomplished by the 
expanding medium at the piston face; it is called the indicated work of the 
cycle. We may compute indicated work with the formula 

Indicated work of cycle = pmAL 

Then the indicated horsepower (Ihp) for the cylinder = 33 ^ 9 ^ 
in which ^ 

* The A.S.M.E. Test Code limits the use of indicators to engines operating at speeds 
imder 400 rpm. 
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Pm *=■ mean cffectUc pressure in pounds per square inch absolute 
L •» length of stroke in feel 
A = area of the piston face in square inches 
» number of cjcles per minute 
For a four*5troke-e^xlc engine jV *» — ^ 

For a nvo-strokc-c^xlc engine A' « rev per min 
For a double-acting lwostrokc-c)’clc engine « 2 X (rev per min) 
For a muhi-cjlmdcr engine uc must of course make a summation of 
the pov,cr developed in all the cylinders to obtain the indicated horse- 
poxver of the engine. The ratio of the heat equivalent of the indicated 
horsepower per hour to the heating value of the fuel consumed per hour 
is the indicated thermal eflficicncy of the engine. 

Actual power delivered to the engine shaft, called brake /wrorr, may be 
determined by tests with a brake dynamometer* sometimes call^ a 
“pronybrakc.^* Companson of the net work, thus determined, with the 
heating \aluc of the fuel consumed for the same unit of time jicldi die 
trerall thermal efiicicnc^, a more reliable index of the cfiiciency of high- 
speed engines. The difTcrcncc between indicated horsepower and 
brake horsepower is accounted for by the energy dissipated in oicrcom- 
ing mechanical friction of the monng parts Hence, the ratio between 
the two gucs the mechanical efficienc)'’ of die engine 
Example 

Indicator cards taken on each of the iix c> linden of a fouf-e>xIc Diesel 
engine disclose the mean effectwe pressuies to be 92, 100, 92, 102, 98, 
95 lb per sq in mpeciwcly The diameter of the cyhraSers is 13 m and the 
piston stroke is 13 5 in The fuel consumption u 183 4 lb of oil (heating s'aluc 
19,150 Btu per lb) per hour for an average engine speed of 400 rpm At this 
speed, the brake horsepow cr is measured as 4 1 5 hp Dclcrminc (a) the indicated 
horsepower, <b) the indicated thermal cflicicncy, (c) the mcchajucal efnctency, 
(d) the overall thermal efficiency of the engine. 


SsftlfWR 

(a) Indicated horsepower ■ 


PmUN 
' 33.000 

We may take the average MEP wp. 

Then 95 S lb per iq in. 

L - 13} in - I ft 


« AJtt «. 200 cyTlcs per C>1 per min 

l4 X 965 X 9 XrX{13r 
33,000X8 X4X(I2)« 


Humber of c> linden »• 6 

« X 144 X 96 5 X 9 X r X (13)* X 200 

I hp •- — — 
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(b) Indicated thermal efficiency equals 

Indicated output _ 524 X 33,000 X 60 _ fs 
Fuel input 183.4 X 19,150 X 778 ' 

(c) Mechanical efficiency equals 

— X 100 = ^ X 100 = 79.2% 

I hp 524 

(d) Overall thermal efficiency equals 

Brake output 
Fuel input 

but is also easily determined as the product of indicated thermal efficiency and 
mechanical efficiency, thus 

0.38 X 0.792 = 0.301 or 30.1% 

The above analysis has a very practical use. It affords a means of 
comparing the performance of a particular engine under varying 
operating conditions, of comparing different engines, and of establishing 
a basis for rating engines. On the other hand, it affords litde help in 
ascertaining the relative influence of the several processes whose com* 
bined effect produces the observed result. 


The Ideal Four-Stroke Otto Cycle 



Fig. 7-5. Otto Cycle. 


Stroke p V diagram 

1 A- 

Intake of carburetor mixture. 
Constant-pressure flow work 
done by medium 

2 C-< — B 

Adiabatic compression. Work 
done on medium. At C, ignition 
by spark. CJD, constant-volume 
combustion 


TS diagram 


Intake, point B 


BCy adiabatic compression. 
Point C, ignition. CD, constant- 
volume combustion with addi- 
tion of heat to medium 
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Stroke />f' diagram 

3 D -^E 

Adiabatic expamion WoHc done 
ly medium (pouer stroke) ED, 
constant volume exhaust 

4 A-t B 

Scascnging Products of com 
bustion swept from cjlinder 
Constant pressure flow work 
done on medium 


TlTdiagram 

DF adiabatic exparuiotu ED 
constant volume exhaust with 
rejection of heat by tytlt 


Scavenging point D 


Ah Standard Analysis 

A simple, though artificial, efficiency analysis which has been cm 
ployed extensively as a basis for studying internal combustion engine 
cycles IS the so<allcd air standard method Although air>standard 
efficiency is at best a mere approximation, it docs indicate tlie effects of 
compression and expansion and may serve as a bists for the comparison 
of different engines So that the student may obtain an appreciation of 
the significance of air standard analysis, wc shall me it to dente expres- 
sions for the efficiency of both Otto and Diesel eyries 


Ah Standard Efficiency, Otto Cycle 

Fig 7-5 shows the ideal Otto cycle on the pl and TS diagrams to- 
gether with descnptions of the processes of the cycle as related to the 
piston strokes A companson of this pV diagram with the indicator 
card for an actual Otto cycle (Fig 7-3) immediately res cals that certiin 
assumptions arc made for the ideal cycle* For air-standard analysis 
these assumptions arc as follows 

1 The pressure during the intake stroke AB and the exliaust stroke BA is 
the pressure of the atmosphere 

2 TIic piticcsscs JSC and DE arc adiabatic- 

3 The medium throughout the entire cycle is air 

4 The speafic heat of air u constant during any of the changes of the 

cycle, and Min^I"** const 

5 A quantity of heat equivalent to the energy released by combustion 
of fuel in t!\c actual process is added to tlie air dunng the constant 
solume change CD 

6 The cycle is closed and a quantity of energy lcas*cs the system dunng 
process BB equal to the heat lost m a constant volume cooing of air 
from Tt to T» 
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.With these assumptions, the thermal efficiency of the cycle is 

^ ^ output ^ Qx - Qi 
input (l\ 

Qx = Mcv(^Td “ 7'c) 

Qi = Mcv{Tb — Tb) 


Therefore 


^ _ McyiTp 


Tc) — McyiTs — Tb) 


McyiTp — Tc) 

= 1 - Tb) 

(Tp - To) 


( 1 ) 


By taking cognizance of the assumptions that changes BC and DE are 
adiabatic, that the clearance volume Vc = Vp and that Vb = Vb, we 
may set up the following relationships. 

Ie = (E£Y~' 

Tc {VbJ 

Ie = /ZeY"' = /i^Y"' 

Tp \Vb} 


By substitution in Equation (1) 




(Tp - Tc) ^ . 
(Tp - Tc) 



Vc is the clearance volume and ^ is the compression ratio (r). 

Vc 


Then 


’7 = 1 


1 




1 

(,)04 


The following example exemplifies the application of the above analysis. 
Example 

An Otto cycle engine uses 0.65 Ib of oil per hp-hr (heating value of oil, 
19,000 Btu per lb). The clearance is 22% of the piston displacement. A: = 1.4. 
(a) Determine the compression ratio, (b) Compute the actual thermal effi- 
ciency and its ratio to the air-standard efficiency, (c) What is the ratio of the 
air-standard efficiency of this engine to that of an engine having a compression 
ratio of 4.6? 



228 


Fwndamentolf of Tfiennodynotnla 


Sol4!t»n 

(a) 


(b) 


fV- 022(1, -fc) 

IV - 0 22 r, “0 22 IV 
022 r, - 1 22 IV 

' " Fc “ 0 22 ‘ 

I ^ , t 
(5 5)» 


55 


Air-$umdard cfiiticncy “1 ” ()' 

77, - 1 - 0 506 
,,, -0 494 - 49 4n, 
output 


Actual thermal elficicncy - - 

input 

Output 1 hp-hr — 2545 Btu 

Input per hp-hr - 0 65 X 19,000 • 12,350 Btu 

12,350 " 

Katio oI efficiencies ~ 0 419 

17 , 49 4 


(c) For an engine viith a compression ratio of 4 6 
1 

' (4 6)* < 

> I OS 


in - 1 ■ 

91 _ Hi . 
-n 45 7 


- 1 - 0 543 - 0 457 


The u-ork of an ideal Otto c^-cle, air standard, may be determined 
from the follovsing considerations 

1 Tlic net value of the work of processes AD and DA Is zero 

2 ,MV •* ” , work of an adiabatic compression done cn the 

medium 

3 cII® “ 0, constant volume change 

4 pir, « of an adiabatic expansion done the 

c>xlc 

Tliercfore, ** efF, — ,lFc 

The value to the student m making a computation of this sort is great, 
Tlirough It he gains an apprcaation of the order of magnitude of prev 
sure and temperature at all points of the cjxJc Actually, however, tlic 
assumption upon which air standard cfTicicncy is basctl is so arbitrary 
that the value of this sort of study is decidedly restricted for the solution 
of problems eiih'T of design or of operation- Consequently the followang 
example is to be studied for the information it gives concerning the 
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method of cyclical analysis rather than as an illustration of actual engine 
design. 

Example 

The cylinders of an Otto cycle engine are 8 in. in diameter. The stroke is 
12 in. and the compression ratio is 6 to 1. At the beginning of compression 
the pressure is 14.7 lb per sq in. abs 
and the temperature is 150° F. The final 
temperature of the combustion phase is 
3900° F. Compute the net work per 
cylinder for one cycle. 

Solution 

A diagram (Fig. 7-6) will be helpful in 
carrying out the solution. 

Vp is the volume swept through by the 
piston 

F„ = irX(iyXl = ^cu ft 


- — — 

2 

L i 

I 

1 

^ 1 Vj 

1 

1 




Since the compression ratio is 6 to 1 

v.-lxv, 

p\ = 14.7 lb per sq in. abs 
From the sdr-standard assumption, k — \A 
piVi^ = P^Vd^ 
p2 “ pi 


Fig. 


^ X - = ^ = 0.418 cu ft 
5 9 45 


= 14.7(6}^''* = 180.7 lb persq in. abs 
Work of compression equals area under curve 1-2 

- xi -pi) 

144 X 0.418 - 14 . 7 ) 




1 - A: 


= 1 - 1.4 

^^2 = ^ 

Tj = 150 + 460 = 610° R 

/^^^ = 610| 


T 2 = T: 




1250° R 


T 3 = 3900 + 460 = 4360° R 


h. ^ £L- ^ 132J. X 4360 = 630 lb per sq in. abs 

T 2 Tz 1250 


Since Vz Vz 



Fwndomentolj ci ’niefmodyrKJBita 

The rauo between I'l and 1 % w the same ju that beti^ccn 1 1 and t j, 1 c 

}j ^ 

^4 6 

Also ^ IV *=• /<IV 

^ Pt^h " 630(i)‘ * •» 51 Ib per s<i in abs 

Work of expansion — ^ ^ i ti 

i-k l-it -04 

» H4 X 0 418(51 - 105 0) 

- 04 


144 X 0 418f- 54) 


The enclosed area on the diagram represents the nrt vxtrk of the c>xle, and so 
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Stroke diagram 

1 A >“/? 

Intake of air at constant pressure 
Work done hj medium 

2 C-« R 

Adiabatic compression of atr 
W ork done cn medium 

3 c 

Fuel injection vnth combustion 
and coru*arl f^tjsvrt expansion be- 
gins at C and continues during 
process CO 

Work done by medium 

D 

Adiabatic expansion of producu 
of combustion Work done ^ 
tncdiura 


TS diagram 
Intake of air, point R 


RCy adnliatic compresuon 


C/), fuel injection and constant- 
pressure combusiion 
Heat ciiti to medium 


adiabatic exfiansion 
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Stroke pV diagram 

EB^ exhaust at constant volume 

4 A-e B 

Scavenging of products of com- 
bustion at constant pressure. 
Work done on medium 


TS diagram 

EB^ exhaust. Heat rejected by 
the cycle 


Scavenging, point B 


Air-Standard EfRciency, Diesel Cycle 

In analyzing the Diesel cycle on the air-standard basis the same 
assumptions are made as were listed on page 226 for the Otto cycle 
except that, for the Diesel cycle, process CD is assumed to occur at constant 
pressure. 

Since for any cycle t? = 

and for the cycle under consideration 

Q^i = Mcp{Td — Tc) 
and Qji = AfcviT's — Eb) 

McpiTj} — Tc) — Mcy{TE — Tb) 

~ Mc^{Td - Tc) 



This expression may be reduced to a more convenient form by substituting 

the expansion ratio r* for and the compression ratio rc for 

Vd 


For the adiabatic change BC 


Tc 

Tb 



— r Jb-1 

— * c 


For the constant-pressure change CD 

• Tc Vc VFb ^ Vc) r. 

Note that Fb = Fb; hence multiplication of by ^ does not change 

1 rC rB 

its value. 

For the adiabatic expansion DE 


Is. = (ErY'^ = _J_ 

Td \VJ 

By dividing both numerator and denominator of the fraction in 
Equation (1) by (Td) X (r.) and multiplying the second term of the 


numerator by we have 
Ic 
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'I*y * nn 

ro^r, Tc^nr, 




i - Zki 

r# Td Tm 

~ — X ^ — X ~ X — 

'' (f.)*-> r, r. 


1 


til 

r«r« 


1 

(r.)* 


1 

■ (r,)‘ 


The w-orV. of an ideal Diesel c^rlc, air standard, ma) be determined 
as follov^ 

1 The net STiluc of the u-ork. done during processes AB and BA « zero 

2 Tlic net work of the c>clc is represented b) the closed area BCDF 
Gcomctncallj this area is equal to the area under CDE less the area 
under BC 

3 Anal) ticall) this reduces to the work done dunng expansion CD pint 
the work done dunng expansion DE, minus the work done during 
compression BC, i c 

ff ml. " cfl p + pU jr — pile 
Since CD is a constant>prcssurc expansion 
clip “ /c(f^P *“ f c) 

For the adiabatic expansion DE 

PtEt — ^pf^p 


pH 1 


1 - Jt 


For the adiabatic compression BC 

pIFc 


PcFc *- pnFa 
1 - k 


Exsr'plt 

The pressure and temperature at the bepnnir? of comprrwion In a DiPi^l 
eni;ine cjlinder arc 18 lb per sq m ahs and 200* F respecm-c!y The s-olune 
at thu point u 2 4 cu ft and the compression ratio « 12 to 1 Tlic t'olooie !»• 
crease during die burning of the fuel u 80*1. The engme opoates at 200 rpm. 
On the air-standard bam and with 4: •• 1 4, calculate the hooepovrcf dcixlopcd 
per cylinder and the temperature at the end of compression 
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Solution 

In terms of the diagram (Fig. 7-8) 



p\ = 18 ib per sq in. abs 
Ti = 200 + 460 = 660° R 
Vi = 2.4 cu ft 


The compression ratio is 12 to 1, so 

Vi 


2.4 


^^ = 12 and 
= 0,2 cu ft 

By air-standard assumptions, the compression 1 to 2 is adiabatic. Hence 


=18(12)'-^ ^ 

= 583 lb per sq in. abs 

^ t • p2^^i — pi^i 

Work of compression = ^ ^ — 

^ 144(583 X 0>2 ~ 18 X 2.4) 

^ X 73 . 4 ^ 4QQ 
- 0.4 

Vs = 1.8 X Fs = 1.8 X 0.2 = 0.36 cu ft 
Work of constant pressure expansion = p(,V 3 — Fj) 

= 144 X 583 X 0.16 = 13,430 ft-lb 

For the assumed adiabatic expansion 3-4 

F. = F,,A, =jft5,^F3‘ =/>JY 

= 41.0 lb per sq in, abs 
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Wofk of cxpanuon 3-4 


Total «-ork of oxp^mion 


Net work of c^xJe 
200 rpjn 

hp per c>lin<lcr 

Temperature at end of compression 

r, 

r, 


hi’*- hr, 

1 -i 

. ^ , (^1 X 2 4 ^ 5S3 X 0 36^ 
-04 

I44f- 1105) ^ 

- 04 


39,SOO ft.lb 


iHi + iir, 

13,430 + 39.800 - 53,230 ft.Jb 
53,230 - 26,400 « 26,830 fi-Jb 
100 c>xlrs per min per cylinder 


100 X 26,830 
33,000 


81.4 hp 


r, - 660 X (I2)» * - 1782* R 

1782 - 460 « 1322* F 


It has already been stated tliat the foregoinej nnal>‘s«, basetl on an 
ciT’Siandafd assumption, arc mere approximations M a matter of fact, 
efficiencies determined by the air-standard anal)'sis arc from 10 to 



Fie. 7-0 \’arialiOn of F/E^Iencf 
%»ih Ccmpirwion ^i(o »nd with 
Mulure Sttmjth for Ouo Cjtle 
(Tnxa Unlv ot lUinoii Boll No. 160. 
CetfihwMn £npntt. brv C A- Coodene 



Bjtta *n<l Mi'tTurt SuroRib upon 
ri!>t»«vfy of Pir»f! Otle 
A Thrrmodpitnlf Amijnf of JnieriuJ 
ujh and J B. Eatfr. pp 40, 41) 


25^ higher than actual effidenaes. A comparison of air-staodard 
effidenc)' wth effidendcs accurately determined is shos»-n b>' Figs. 7-9 
and 7-10, sshich also show the effect of factors affecting efficiency. 
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internal Combustion Engines 

Theoretical Analysis of Internal Combustion Engine Cycles 

Both in the design of internal combustion engines and in fuel research 
it is necessary to study in minute detail what actually happens inside 
the cylinder. This means that a. complete thermodynamic analysis of 
the cycle must be made. The purpose of such an analysis is to deter- 
mine as nearly as possible the actual thermodynamic performance of 
the cycle under various compression ratios, with various fuels, cind for 
various mixtures of fuel and air. With the Otto cycle attention must 
also be given to the effect of varying the ignition point. With the Diesel 
cycle the effect of variation in the time of beginning of fuel injection as 
well as the duration thereof must be studied. This type of analysis 
requires -refined laboratory technique and considerable complicated 
calculation. 

Even though a complete exposition of such an analysis is beyond the 
scope of this book, the authors do not wish to pass over it without refer- 
ring to the admirable work which was done along this line by the late 
Professor George A, Goodenough and John B. Baker. Even in an accu- 
rate analysis certain assumptions are necessary. In order that the 
student may compare them with those of the air-standard analysis, 
they are given in the following list.* 

1. The pressure of the mixture during the suction and exhaust strokes 
is the pressure of the atmosphere. 

2. All the operations of the cycle are adiabatic. (This means that heat 
is added only by the combustion of the fuel within the cylinder and 
rejected only by the exhaust of the medium from the cylinder.) 

3. The combustion is at constant volume in the Otto cycle and at con- 
stant pressure in the Diesel cycle. 

4. In the case of liquid fuel, the fuel is completely vaporized before 
entering the cylinder. 

For an accurate analysis, the following phenomena must be taken 
into account.!^ 

1. The variation in the composition of the mixture during the phases of 
the cycle. 

2. The variable specific heats of the various gaseous mixtures. 

3. The dissociation of the products of combustion at high temperatures. 

The following conclusions are verified by the Goodenough-Baker J 
analysis. 

* G. A. Goodenough and J. B. Baker, A Thrmodynamic Analysis oj Internal Combustion Engine 
Cycles, Univ. of Illinois Bulletin No. 160. 

' Ubid. 


ilbid. 



of Thtmodynaaiti 

1 TIic cnjctcnc> incrcoics mth the compression ratio, j c , the higher 
the compression the higher the efTiciencj, other conditions remaining 
the same (Sec Figs 1-0 and 7*-10 ) 

2 For the same compression, i!ic cfScicncy incrtases \«ih increase m 
the percentage of air in the fuel mixture A lean mixture gives a 
higher cnicicncv than a rich mixture 

3 llic mein cfTectnc pressure, and therefore the pouer, u maximum 
when the am supplj is somcwliat less than 100% of the theoretical 
amount for complete combustion of the fuel m the mixture Tlius 
the mixture for maximum power i5 one of rclatii'cl) low elHcicnq 

4 The ideal efTicicncics obtained from tlic use of vanous liquid fuels 
aro practically the same 

5 The efficiencies of Diesel cy-cle engines as a group range higher than 
tlic efTicicncics of those operating on the Otto cyxie Howes cr, a 
companson of the two efTicicncics at the same compression ratio 
(r «= 8) shows that the Otto cycle is inherently more cfTicicnt than 
the Diesel Tlic superior cfTicicncy of the Diesel cyxlc In practice 
results from the high compression ratio that u permitted by jis 
system of operation. 


Empirical Fomiuloi * 

If the air standard formula dcns'cd for the ideal Otto cyxie Is gisxn 
the general form >j “ I — it may be used to determine the theo- 
retical thermal cfTiCicncy TIic determination of *r must then be based 
on the accurate system of analysts already mentioned, or be made from 
emptneal formulas Values of y computed by Goodenough and Baker 
arc gisen in the following tabulation 


Vallts of Expovevt 7 


Compression Ratio 
% Air Supplied — p- 1 OO 

110 

125 

150 

3 5 0 2723 

0 2723 

0 3022 

0 3189 

5 0 0 2770 

0 2916 

0 3055 

0 3214 

6 5 0 2802 

0 2942 

0 3075 

0 3232 

8 0 0 2815 

0 2964 

0J0g7 

0 3243 


Tlicse values of y check quite accuraicTy with xalucs obtained from the 


cmpincal formula 


7 “ 0 3867 - 


65 


0 043 


*35 


a «■ percentage of theoretical air supplied 


r compression ratio 


P,/ 23$ 
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When air supply is insufficient for complete combustion, the empirical 
formula 


r = 0.524 


24.6 

a 


gives a fair approximation of 7 . The same formula 





may be used to determine ideal efficiency for the Diesel cycle when the 
value of 7 is obtained from the empirical formula 


y 


0.434 - 


19.5 
a — r 


OJ 

r 


in which a and r denote the same quantities as before. 

The ideal thermal efficiency determined by these empirical methods 
indicates the maximum amount of available energy for an internal com- 
bustion engine cycle operating under specific conditions, just as the 
Carnot cycle gives the maximum available energy for any reversible 
heat cycle operating between two given temperatures. It follows that 
comparison of ideal efficiency with actual efficiency, as obtained by 
comparison of shaft output with the heating value of the fuel consumed, 
offers a most enlightening study of engine performance. 

Before leaving this subject, some consideration must be given to the 
influences that bring about the discrepancy between shaft output and 
available energy. The examples of actual indicator diagrams given in 
Figs. 7-3 and 7-4 (page 223) show clearly that in the actual engine the 
intake pressure along path AB drops below atmospheric pressure and that 
the pressure along path BA is above that of the atmosphere. This varia- 
tion from the ideal involves an expenditure of energy referred to as 
“pumping loss.” Inefficient combustion of the fuel and the internal 
cooling effect of moisture in the air supply cause a loss of availability 
in that they reduce the effectiveness of energy transformation. There 
is a necessary loss of energy in the heat rejected to the water jacket in 
order that the metal of the cylinder walls will not become so hot as to 
cause distortion.* An exhaust pressure above that computed for the 
ideal cycle, with resultant higher temperature of the products of com- 
bustion at rejection, means less energy transformed into work during 
the expansion stroke. Ever-present mechanical friction adds further to 
the amount of dissipated energy. 

* Some investigators contend that a large portion of this heat would leave the cycle in 
any event during the exhaust stroke and is therefore really part of the inherently unavailable 
energy. 
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The modem tendency is to \ncu m Jemal combustion engine efncicncy 
m terms of the result obtained by comparing actual brake efTictency 
with ideal thermal clTiciency In this way the energy uhich must be 
unaaxiidably ss-asted in accordance svalh the Second Law of Thermo- 
dynamics is not charged to the engine, Consetjucntly, attention w 
focused directly on the pnctical problem of reducing the efTect of those 
influences which tend to dissipate arailah/e 

PROBLEMS 

1 Trace the Otto cytle and Diesel cyxlc on both the pV and TS diagranu and 
ducuss in detail the changes around tl e cycle Compare with the Carnot 
cycle State the industnal uses to which these two cydcj are adapted 

2 \Vhy u the fuel in the Otto cyxle burned at constant volume while m the 
Diesel cyxle it bums at constant pressure’ \^^lal arc ihe advantages of 
each’ 

3 State the assumptions made in computing air standard efliciency of an 
internal combustion engine Compare air standard elTciency v»tth the cor 
ixct value. 

4 A, certain Diesel engine transforms 38*1, of the heat luppl cd into work 
If 1 lb of oil has a heating value of 19 000 fltu what is the oil consumption 
per hour of a 400 hp engine'’ 1 hfwhr •* 2545 Biu 

5 Sketch the Otto cyxlc on both pi and TS diagrams State in detail how you 
would proceed in determining the net work of the cycle on the air standard 
basis, givxn the tntdit pretnae and temperature the efearaare ro/«me and pulen 
displacement volume the mats cj Jutl burned per tyelt and the heating value 
of the fuel 

6 AVhat arc the advantages of the internal combustion engine’ Its disadvan 
tages’ Name the four strokes in the four stroke-cycle engine 3\Tiat causes 
the cxplouvx mixture to enter the cylinder’ \\ hat is meant by the statement 
that the mixture in a gas engine is too nch or too lean ? 

7 How docs the icmpCTaturc of the gaseous products of combustion In the 
cylinder of a gas engine at the moment of ignition compare with the tern 
pcralurc at the moment of exhaust’ Explain 

8 A D esci engine cylinder has a volume of 4 cu ft and a comprru on ratio 

of 12 to 1 The volume at fuel culofT u ^ cu ft Pressure at the beginning 
of compression is 15 Ib per sq in abs Unng a value of i I 4 for the adi 

aba DC compression and expansion, determine on the air starxJjrd basis 
the thcorcucal borsepowxr dnxlopcd at 200 rpm 
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Introduction 

At about the same time that the American colonies ^vere \vinning their 
independence from Great Britain, James Watt and others devised the 
steam engine, the first practical apparatus for transforming heat energy 
into mechanical energ)^ Great as have been the consequences of the 
American Revolution in world politics, the development of the use of 
steam as a thermodynamic medium has brought about far more pro- 
found changes in the character of civilization itself. Through its use, 
man has multiplied the power at his disposal many thousandfold. The 
availability of power for industrial use is the prime factor that made 
possible the development of our present machine age. The machines 
in the factories, of every modem industry become just so much metal 
trhen the power supply is shut off. In homes and offices, public build- 
injgs and movie palaces there is the same dependence upon an uninter- 
rupted power supply. And all this began \rith the use of steam as a 
medium for transforming heat into mechanical energy. 

Today, power is made available in steam, hydroelectric, and internal 
combustion engine plants. These three now have so many overlapping 
functions that it is difficult to say what their future relative importance 
will be. There is as yet nothing to indicate that the use of steam as a 
medium for transforming the chemical energy of fuels into mechanical 
power will be shoved into the background. The abundance of fuels 
suitable for use in the steam plant and the common occurrence of water 
make it seem likely that steam ^vill be an important thermodynamic 
medium for many years to come. 

The study of thermodynamics is frequently presented in terms of 
elementary steam engineering. While open to serious criticism, this 
view receives some justification in the fact that the steam engine was 
the first practical application of thermodynamics. Certain it is that 
every engineering student should understand the relationship of basic 
thermodynamic principles to steam engineering. But the science of 
thermodynamics is actually so broad that it should not be considered 
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as merclj a means of explaining the operation of a steam plant Hence 
the purpose of this chapter ts to relate steam engineering to thermod)* 
namics, rather than to submerge thcnnod>Taarmo m a detailed stud) 
of the steam c^xlc 

Equipment of d»® Steom Potw®t Plant 
The stmfi/e steam plant includes the followng essential etjuipmcnt, 

1 A furnace or firebox in \>hich the combustion of fuel proiides a 
source of heat 

2 A boiler m uhich ivater is u-armed and ci-aporated Tlic function of 
the boiler may also be extended to include superheating the sapor 

3 A prime mo\cr (engine or turbine) through which Uie steam expands 
and dehicrs external mechanical wwlc 

4 A condenser (the cold body) to \shiclt the expanded steam ti cx» 
hausted and condensed and in i^hich unavailable heat u rejected 

5 A hot well tanV. which receives the condensed steam or condensate 
(s A feed pump to pump water into the boiler 

7 Connecting pipe lines. 

Fig 8-1 15 a schematic diagram of the way these itcnm of equipment 
arc arranged A plant possessing this equipment operates on a closed 
cyxle, i c , the medium remains in the s)*stcm In some coses m which 



the engine is a reciprocating one, the plant operates on an open cycle, t e , 
the expanded steam is exhausted to the atmosphere, Tlui arrangement 
docs not alter the cssenual character of the cv’cle, although it does mflu 
cnee the back pressure on the engine and requires a continuous new 
suppl) of feed water It v rat praeutal ta eperaU a s^eam lurttne ufhyut ih/ 
use a/ a cerJmser 
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The ideal cycle of the plant illustrated is called the Rankine cycle. 
As a matter of fact, this cycle has been generally replaced in large 
modem plants by more complicated cycles of higher efficiency. How- 
ever, for the sake of simplicity, our immediate objective will be to analyze 
the Rankine cycle as a basis for the thermodynamic study of other 
steam cycles. 


Tbe Ideal Rankine Cycle 

During either evaporation or condensation, pressure is a function of 
temperature only. Consequently, constant-pressure evaporation, which 
can be easily achieved in a boiler, is also an isothermal expansion. Likewise, 
constant-pressure condensation, also readily achieved in a condenser, 
is an isothermal compression. Under ideal circumstances, we may assume 
that expansion in an engine * is both reversible and adiabatic. Conse- 
quently, when a wet or saturated vapor such as steam is used as a 
medium, it is possible to set up an ideal cycle in which three of the four 
processes of the Carnot cycle are present. The fourth process, reversible 
adiabatic compression, cannot be realized practically and so for this 
process the Carnot cycle must be modified as described in the following 



Fic. 8-2, Rankine Cycle and Compari- 
son \s*ith Carnot Cycle on the pV Dia- 
gram. 


Fig. 8-3. Rankine Cycle and Com- 
parison witli Carnot Cycle on the TS 
Diagram. 


paragraph. The resulting cycle, thus modified, is called the Rankine 
cycle in honor of the Scottish engineer of that name. 

Figs. 8—2 and 8—3 show the Rankine cycle on the pV and TS diagrams 
respectively by ABODE A. For comparison, a Carnot cycle operating 
under similar conditions is indicated by ABCD^A. Point A represents 
the state of a saturated liquid at boiler pressure pbs Isothermal addition 
of heat during evaporation in the boiler is represented by AB. Reversible 

* The term engine as used in this discussion may be construed to include either reciprocat- 
ing engines or turbines unless othervdse stated. 
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adiabatic expansion in the engine from boiler pressure to condenser 
pressure iJ shenm by BC^ and isothcrtml rejection of heat m the con 
denser bj CD 

For a Carnot it Mould be necessary to stop the condensation at 
point D' and complete the cycle by rc\-crsiblc adnlntic compression of 
the vapor along path D' A Since this cannot be done pncticallj, de- 
parture from the Carnot C)de must commence at D' In the Rmlinc 
cycle, condensation at constant pressure and tcmpcriiurc is continual 
to the point of complete liquefaction of the medium at D Tlic resulting 
liquid IS then pumped into the boiler (process OE) and its pressure is 
raised to /»»- The liquid is then m armed m the boiler, as shoM-n by 
until It IS again in the initnl state of saturated liquid at the Ixjilcr pres- 
sure />>. Hence in the Rinkinc c>xlc a part of the heat, rrpresented by 
the area under EA on the TS diagram, is supplied mIiiIc the medium w 
undergoing a temperature change The entropy change induced by 
this process 15 greater and consequend) the amiable part of the heat 
added IS less than it Mxiuld be if the same quantity of heat U’cre addal 
isothermallj at the highest temperature Fw 

It IS convenient to stud) the Rankinc c)xlc on a diagram whose coor 
dinates are enthalpy and entrop) , » c , the Molher diagram Such a 

k 


*» 

*• 

A« 

Fitk M Ranllt»f Cytk on the KS (Ifon er) 

PugTjai 

representation of the c>'clc w shoNvii in Fig EA and AB respectivTly 
represent the constant pressure warming and cv'aporation ol the water 
m the boiler Note that m this illustration the vapor delivered by the 
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boiler is wet. BC represents adiabatic expansion in the engine, with 
resulting delivery of external mechanical work. CD indicates the con- 
densation of the vapor in the condenser at the constant pressure pc. 
DE represents the change in state of the liquid as it is pumped into the 
boiler, with accompanying increase of pressure from pc to pb. Points D 
and E are nearly coincident. Point E represents the state of saturated 
liquid immediately after it has been pumped into the boiler. At this 
point its temperature is that of the condenser tc, and its pressure is 
boiler pressure pb. The difference in energy of the medium between 
these two points is the change in enthalpy from hd to he resulting from the 
flow work done on the medium. During the process, both temperature 
and specific volume remain constant. Hence there is no change in 
intrinsic energy and 

he — hd - voipb — pc) 

This change in enthalpy is so small in comparison with other energy 
changes around the cycle that it is ordinarily neglected in computing 
Rankine efficiency. For example, with a boiler pressure of 210 lb per 
sq in. abs and a condenser pressure of 10 lb per sq in. abs 


vd = 0.01 9 cu ft 

I. ^ 0.019X144(210-10) 

and . he — hd =75 = 0.7 Btu per lb approx* 

In order to determine the thermal efficiency of the Rankine cycle let 
us start with a general expression for efficiency, i.e. 

_ heat supplied (in the boiler) — heat rejected (in the condenser) 
heat supplied (in the boiler) 

Since the heat supplied in the boiler during processes EA and AB is at 
the same constant boiler pressure ph, its amount is measured by the 
change in enthalpy, h — Similarly, the heat rejected in the con- 
denser at constant pressure pc is measured by he — hd* 


Then 


{h - he) - {he - hd) 

’*= 1^. 


If the difference between he and hd is neglected as suggested previously, 
hd may be substituted for he and the expression may be written 


_ {hi ^d) {he ^d) _ hb — he 

{hb — Ad) hb hd 

This equation shows that the work of a Rankine cycle is given by 
* heat supplied — heat rejected = hb he 

* For very high-pressure boilers the quantity he ^ hd may be large enough to require 
consideration. 
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Fimfjantfttab cl Httmodynofnici 
Since the delu-en of \sx»rk tales place dunnej the re\rnib!e adtabauc 
expansion SC, the student ma> at fust thml that the »orl of the change 
should be measured bv change of intnnsjc cnerg> rather than b\ cliangc 
of enthalp) The question is cleared up at once »hcn it is rrahred that 
ilV'j *» — for a non fio\s adtabattc change 

In the Ranline c^-de, \apor is continually admitted and exhausted 
from the engine Consequently, the adiabatic exfiansion is a part of 
the /at process dunng \shich the ss-ork done u properly mensiired by 
change in enthalpy 

Exsr-pU 

In a cmam Slcam plant ibe Iwiler « oj>eraiMi at a pressure of 300 lb pc' 
sq m gaee A sacutim page on the condenser reads 15 in, of mercury The 
LaKMnetcr reads 29 in of mercury \ throtthn^ calonmetrr test of the steam 
in the mam steam line shoux lu quahu to be 0 96 I rum intficator cards 
iaV.cn on the engine cy Undets the indicated l«jr«epo«er is comyiuted as 2^0 hp 
The steam consumption is 3000 !b per hr (a) Compute the ideal RanVinc 
cyxle cfTiCtcncy of the plant (h) Compare this wuh the effiaency of a Camoi 
ode operaiine beiueen the icmperaturc of o'aporation of u-ater m ll c botler 
and Uic condenser tempera turr (c) Comouie the energy lots per pound of 
steam between the boiler and engine 


II u fint necessary to determine the absolute pressure in the boiler and con* 
denser 


Atmospheric pressure •• 
Boiler pressure •• 
Condenser presrure ■ 
(a) Raokinc effiaency 


29 X 0 491 • 14,2 lb per sq in. abs 
300 + 14,2 " 314 2 lb per sq in abs 
(29 — 1 5) 0 491 6 89 lb per sq in abs 


hi ~ kt 


The several values of enthalpy m this cqiuuon may be determned from other 
the saturated steam ubles or the Molher chan From the saturated steam 
tables (see Chapter 5) 

A •» A/ + xh/f 

and for the boJer pressure, 3142 lb per sq in- abs 

A» - 39S 5 -h 095 X 804 2 -• 1170 5 Btu per lb 

This value may be checked on a Mollicr chan by rradirg the S'a'ue of i for 
point B on Fig 8-4 The rcvcnible adiabauc cipannon BC o characicnzed 
by cotataacy of ertropy If, from point B, a ccnstaBt'Crtropy line is foUowed 
to Its latcnection vnth the constant pressure line conrspood-ng to 6 57 Ib per 
sq m. or 14 in. of mercury (condenser pressure), the state potrt C of the i ram 
ertenng the corxJenser Is esubhshed From the chart, the quality at this point 
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is 0.777, and he equals 915 Btu per lb. The value of //« may also be determined 
by means of the tables in accordance with the method in Chapter 5. 

To determine Xe, we use the fact that ^6 — Jc- 


Sh = Sf + XhS/o 

For the pressure, 314.2 lb per sq in. abs 

Jb = 0.59355 + 0.96 X 0.9127 = 1.46955 
Also Sc Sf + XeSfff 

For condenser pressure, 6.87 lb per sq in. abs 

Jc = 0.2566 + ;cc X 1.5612 
Since Sh = Sc 

1.46955 = 0.2566 +XeX 1.5612 
1.46955 - 0,2566 


ATc = 


= 0.778 


1.5612 

Then Ac = ^/ + Xch/o 

At condenser pressure, 6.87 lb per sq in. abs 

he = 143.77 + 0.778 X 992.24 915.7 Btu per lb 

From the tables hd is obtained as the value of A/ for a saturated liquid at the 
condenser pressure of 6.87 lb per sq in. abs, 

hd = 143,77 Btu per lb 
Substitution in the expression 


gives 


hh he 
~ h - ha 

^ 1170.5 - 915.7 _ -254.8 
1170.5 - 143.77 1026.7 

Vn = 24.8% 


0.248 


(b) The steam tables give the temperature of evaporation corresponding 
to a boiler pressure of 314.2 lb per sq in. abs as 422° F. The temperature 
corresponding to the condenser pressure, 6.27 lb per sq in. abs, is 176° F. 


Tt = 422 + 460 = 882° R 
r. = 176 + 460 = 636° R 
n-Tc 882 - 636 

‘*?CarDpt ' 


n 

^C&niot ~ 27.9% 


882 


246 

882 


= 0.279 


This figure shows that Rankine efficiency is surprisingly close to Carnot 
efficiency; in the example niunkine is 88.5% of Vcamot- This gives the Rankine 
cycle the appearance of being highly efficient, and so it is for the temperature 
range involved. But because of the fact that the temperature range is restricted 
to the limits of practical boiler pressure, the steam cycle is characterized by 
low thermal efficiency. Further, as the boiler pressure and hence temperature 
Th increase, the difference between Carnot efficiency and Rankine efficiency 
increases. 
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(c) The ste^m conjumpuon per 1 hp*hf u 
Vre? ~ f2 lb 

12 X {^4 - A.) - 12 X 254 8 - 3060 Btu 
On the bvm of the Ranlctnc annl)-sij th« amount of cnere) w axaihble f^r 
transformation for each I hp-hr actuaU) dcli\-ercd Since 1 I hp-hr b equua 
lent to 2o45 But 


3060 — 2545 ■» 515 Btu lost per I hp-hr dclurml 
or — 42 8 Btu lost per lb of stcim used 

Atientjon ls directed to this loss here to cmphisirc the fset tliat the Ranltne 
3nal>-sis takes no account of enerfj) dissipated by conduction, ndntion, etc 
betueen the boiler and engine, uhereas thu loss cannot be whoU> eliminated 
m pmcucc 

TTie indicated thermal clTicienc) u 


2545 

12(A4 - A^) 


2545 

12 X 1026 7 


0 207, or 20 


The oscrall indicated thermal efTiciency is obtained by comparing the heat 
cquisalcnt of an indicated horsepouTr hour uith the heating value of the 
amount of fuel required to dclurr an 1 hp-hr Tlris elBciency takes ncfount 
of all energy losses, including the furnace loss i c , heat generated by the fuel 
combustion which never enters the medium The os'erall efTaency of a plant 
like the one described here would normally be m the ncighborhcxxl of IS'' 


Methods for Improving Ronkine Efhcleney 

Although Rankine efficiency is not expressed directly in terms of 
temperature of heat addition and rejection as is Carnot cfTtciency, 
inspection of the diagram of the cycle (rigs 8-2 and 8-3) reveals at 
once that Rankine efhcicncy actually is govTmed by temperature range 
Consequently \sc may increase efficiency by dtcttanrg the condrmser 
temperature or by increasing the boiler temperature 

Deotasing the Condenser Temperature 
Since pressure is a function of temperature only for a wet vapor, a 
decrease tn condenser temperature is accomplidied by decreasing the 
condenser pressure A condenser is a tanV waaVi audit jointv iVirongVi 
which cooling water is circulated The condenser vacuum or prrv«urc 
below atmospheric, u mamtamed by the hot well pump lienee, 
condenser pressure may be reduced by incrcas ng the action of tim hot 
well pump arn by payang careful attention to the prevention of leaks 
in gland packing, m pipe connections, and tn the condenser shell n*elf 
With a relatively slight vacuum in the conden*cr, there ts a steep 
gradicni betwaren the temperature of the condensate ami that of tlw 
Circulating vsater As the pre«surc is reduced, the temperature of die 
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condensate is also reduced and the slope of the gradient becomes less. 
Hence, each pound of circulating water absorbs less heat and conse- 
quently, to maintain efficient condensation, the quantity of circulating 
water must be increased. 

The effect of a decrease in condenser pressure on efficiency is best 
demonstrated by an example. Suppose the condenser pressure in the 



preceding example is reduced to 4 lb per sq in. abs, all other data 
remaining the same. (See Fig. 8-5.) At 4 lb per sq in. abs, he — 888 Btu 
per lb and = 121 Btu per lb. Then 


_ 1170.5 - 888 ^ 282.5 
^ "■ 1170,5 - 121 1049.5 


0.27, or 27% 


Although lowering the condenser pressure is an effective means of 
increasing Rankine efficiency, a definite lower limit of pressure is 
imposed by the natural temperature of the circulating water aval a e 
for cooling. This limit has been substantially achieved in mo ern 
practice with condensers that operate at an absolute pressure o a out 
1 in. of mercury. In this connection Sir Charles Parsons is said to have 
remarked some years ago, when discussing the changes in pressure 
required to improve the efficiency of steam plants, There is o y one 
thing for you to do. You cannot go down; you must go up. 


Superheating . . . 

Steam temperature may be increased by superheating. is^ is 
accomplished by conducting the steam back through a coi o pipe 
in the furnace (a superheater) after it has been complete y evapora e 
in the boiler proper. It then absorbs additional furnace eat, an since 
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It 15 be>-ond the saturated state, this addition of heit results in a temper, 
ature nse, even though the pressure remains constant A RanVme €>-€16 
m which steam w delivered to the engine m a superheated state ii 
shown on the TS and fiS diagrams In Figs 8-<5 and 8-7 respcctuTlj 



To show the cfTcct of superheating on Ranljnc cnieienc>, let us use 
for an example a c>xlc operating at the same boiler pressure (314 2 Ib 
per sq in abs) and condenser pressure (6 87 lb per sq m abs) as in the 
preceding example In the present ease, let the steam be initially super* 
heated to a icmi^cnturc of 520® F This represents an increase of 
520 422 or 98® F in the temperature of the steam delivered Ily 

means of the superheated steam tables or the Mollicr chart we find that 


Then 


=» 1267 Btu per lb 
h, «= 982 Btu per Ib 
A/ « 143 8 Btu per lb 
„ - h. „ 1267 - 982 

" A, - ” 1267 143 8 


0 252, Of 25 2 


This IS 1 relative!) slight increase in cfTiciency, e\*cn if the steam could 
be superheated to 1000® F, >7 would on!) reach appraximately 29 6*^ 
From these figures v\c may conclude that a curve showing Rankmc 
efficiency vxrsus temperature ol superheat wah he rcl’itwriy ftaa Con* 
scqucnily, superheating is rot an cfTectnc means of imprmang thermal 
efficiency In vaew of the increased range of the temperature drop 
during expansion through the engine, the mcfrcclivcness cj superheating 
may at fint appear startling But when consideration is given to the 
fact that all of the heal of superheat is added while the medium >* 
undergoing a sharp temperature nse and that only an mcrcmrnul 
part u added at the highest temperature, the reason for this state of 
affatrs becomes apparent The increase m the entropy of the mediun 
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that results from adding the heat in this manner is so great for the 
quantity added that the influence of the higher temperature attained 
is practically nullified. 

However, superheating is not to be regarded as being without benefit 
because of the above fact. It has other results that are valuable. One 
important cause of energy dissipation in a steam cycle which is not taken 
into accoimt in the Rankine analysis is fluid friction. This friction 
increases progressively as condensation sets in at the end of expansion. 
Moreover, the presence of water in the engine produces an undesirable 
scouring effect on the metal of the equipment. These effects are par- 
ticularly significant in turbines where the velocity of the medium 
relative to that of the blades is extremely high. The presence of liquid 
^so accelerates the loss of heat by conduction through the cylinder or 
turbine ^valls. Superheating either ’^vholiy prevents or at least delays 
the appearance of moisture during the passage of the medium through 
the engine or turbine. This may readily be observed by comparing the 
positions of line BC on the two hS diagrams in Figs. 8-4 and 8-7. 
Superheating also increases the energy carried per pound of steam. 
Consequently, the number of pounds of steam required per horsepower 
hour is less, and this makes possible a reduction in the size of the engine 
equipment for a given output 

For these reasons superheating is almost universally used in large 
modem plants. Temperatures of 650° F to 750° F are now common, 
and higher temperatures wU unquestionably be employed as soon as 
metallurgical developments provide metals capable of wthstanding them. 

Increasing the Boiler Pressure 

The discussion in this and other chapters has emphasized the fact 
that the most desirable feature of a heat cycle is to have a maximum 
part of the- heat supplied to the medium isothermally and at the highest 
possible temperature. Since the temperature of evaporation increases 
progressively with increase in pressure, it is certain that increasing the 
boiler pressure must result in increased thermal efficiency of a Rankine 
cycle. 

Let us consider a Rankine cycle in which approximately the same 
amount of heat is added as was added in the example on page 244. We 
shall use the data in that example, except for the boiler pressure, which 
>vill be taken here as 500 lb per sq in. abs. Then 

ph = 500 lb per sq in. abs 
pc = 6.87 lb per sq in. abs 
Initial quality = 0.96 (see Fig. 8-8) 
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From the MoUjcr chart 

1174 Btu per lb 
h, ■» 890 Biu per lb 
hi » 143 8 Btu per lb 

ht hi 18 Biu per lb Tliis itu) be neglected 
h% — ht 
'’’‘’‘hi- hi 

„ 1174 - 890 
“ 1174 - 143 8 
" 0 276, or 27 6'^^ 

It IS to be noticed that this C)-clc requires an Increase m the encrg> 
supplied of only 3 5 Btu per lb over that in the example on page 245 Yet 
the increase in Rankinc cfTicicnc> is 2 8*^ If the boiler pressure >N'erc 
increased to 1000 lb per sq in abs and the same condenser pressure \«rc 



Tk 


used, the cfiiciency v%’ouId be 31 2*1 An even more pronounced im 
prosement in cfTicicncy \«U be observed if additional heat to carry 
the vapor near the saturation point w supplied, as would be the case 
in pracuce Expcncncc and investigation have alwa)^ pointed to the 
cfTectivcncss of increasing boiler pressure to mcrease thermal efliacncy 
The application of this idea has led from early boiler pressures less 
tlian 50 lb per sq in to the present common use of boilers under pres- 
sures of from 400 to 600 lb per sq in This progress has been made 
possible by the development of metallurgical processes which have 
pttmded metals and equipment capable of withstanding the efTccu of 
high pressure and temperature 
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We should be remiss if we did not take this opportunity to suggest 
that the student refer to the example on page 82 in the discussion 
of entropy. It provides an alternative and helpful point of view from 
which the effect of raising the steam temperature may be considered. 
The energy delivered to the steam is withdrawn irreversibly from the 
hot products of combustion at the high furnace temperature. This 
irreversible heat flow results in an increase in the entropy of the energy, 
with a consequent decrease in its availability. The higher the average 
temperature of the medium, the less is the temperature gradient and the 
less is the increase in the entropy of the energy. As a result, the avail- 
ability of the energy delivered to the medium is greater the more nearly 
its temperature, on entering the medium, approaches that of the furnace. 



Fig. 8-9. 

Increase in Rankine Efficiency. ^(A) With reduction in condenser pressure; 

(B) with increase in boiler pressure without superheat; (C) with superheat (con- 
stant pressure) . (Reprinted by permission from Principles of Engineering Thermo- 
dynamics, by Kiefer and Stuart, published by John Wiley & Sons, Inc.) 

In order to illustrate further the relative effectiveness of the three 
means of improving Rankine efficiency, a set of curves is shown in 
Fig. 8~9. In evaluating the analysis of a Rankine cycle we must 
remember that it has been treated as an ideal cycle. In real plants 
actual efficiency is influenced by ever-present losses due to turbulence, 
throttling, heat conduction, friction, and the like. 

Improvements in EfRciency Outside the Rankine Cycle 

Although increasing the boiler pressure may appear to offer the best 
opportunity for improving steam plant performance, steam engineers 
have not overlooked other possibilities. They have carried their investi- 
gation outside the Rankine cycle, constantly seeking improvements 
which would reduce the fuel cost per unit of power delivered. So 
intense has been this campaign that over the period of 'the last twenty 
years utility companies throughout this country as a whole have been 
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able to reduce cai! consumption per lolowatt hour b) approxinutelj 
50*^ Much of this saving may be assigned to boUer and turbine im- 
pros cmcnts ind to reduction of general losses. Ilow-cvcr, an apprecjaUe 
part has resulted from the adoption of c)tIcs vvluch possess inherent 
advantages over the Rnnbnc c>xJc The rr^ourafinr JrtdhfcUng QtU 
and the ffhfaUng or a combination of the tv>*o embod> the present 
trend in steam plant design The btnay ^le, though m use in a few 
plants in this country and abroad has not yrt passed the developmental 
stage and its ultimate general adoption is somev^hat doubtful 

RegeneraUre Fe«d Healing Cycle 

The departure of ideal Rankmc efiiciency from Carnot cfTicicncy b a 
result of the manner in vshich heat is added along the path £i (Fig 8-3) 
Tins process IS accompanied b> a growth in cniropy not encountered 
in a Cirnot cycle In the actual Rankmc cycle there is also an Increase 
m entropy occasioned by the irreversible mixing of the relatively cool 



Fk. »-l0 Amngttnroi for Four^Supf RrjoimUfe Fml 
I lot line 


feed vsatcr vsith the relativ d> hot water in the boiler The efleet of such 
an irreversible ntuxing process is illustrated m the ncample on page 81 
The regenerative feed heating cycle has as its objective the reduction 
of these undesirable mflucnces Their complete elimination v^-ould 
be accomphvl cd only if the process EA could be made rcvcmble In 
thcorv regenerative feed heating may bnng about an approach to this 
limit but the multiplicity of devices reejmred prcv'cnts Its attainment 
in practice. A considerable Improvement In thermal efT clcncy can be 
obtained however by a limited number of regenerative feed heating 
stages The design and size of the steam plant d ctate the number of 
I caters v>hich can be economically employed Two beaten are com- 
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monly used in smaller plants, and three and four in larger installations. 
Fig. 8*-10 shows a schematic arrangement for four-stage regenerative 
feed-heating. 

To carry out this process of feed water heating, steam is bled from 
the turbine at successive stages of pressure. This steam is supplied to the 
feed heaters as indicated in the diagram. The condensate from the main 
condenser passes to the first heater (No. 1), where condensation of the 
steam bled from stage {d) of the turbine provides the heat necessary to 
raise the water to a saturated liquid at a pressure pi. With a progressive 
increase in pressure the liquid passes to each successive heater where it is 
heated to the saturated liquid point at the heater pressure. The con- 
densate of the bled steam used in each heater also passes to the succeed- 
ing heater as feed water. By design and operation it is intended that 
just enough steam shall be bled and supplied to each heater so that the 
feed water will leave the heater as a saturated liquid at the pressure of 
the bled steam. 

If this regenerative feed-heating could be carried out in an infinite 
number of stages, the temperature of the bled steam in each stage 
would need to be only an incremental amount higher than the temper- 
ature of the water entering the heater. Thus an isothermal reversible 
transfer of heat from steam to water would be approached. In the limit 
the feed water may be conceived as returning to the boiler as a saturated 
liquid at boiler pressure, that is, at state point A (Fig. 8-3). Further, the 
warming would have been accomplished by a series of reversible iso- 



thermal processes and the cycle made to approach Carnot efficiency. 
The TS diagram of the cycle would be as showm in Fig. 8-11. Area 
represents the heat supplied by the bled steam, and area AA^D^D 
represents the same quantity of heat supplied to the feed water. 
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A C)xlc employing four stage heating as outlined abo%T would appear 
on a TS diagram as indicated b> Hg 8-12 Areas c b, t, and d repfrarni 
the heat obtained from the steam blctl 
at points a, b, c, and d (fig 8-10) ami 
areas 1, 2, 3 and 4 represent the heat 
supplied to the feed water in each sue 
cc«ai\c heater 

Because of tlic wathdrawal of steam 
at sanous stages of cJtpam on m the 
turbine, more pounds pf steam arc 
reqmret! per honcpos>cr deharred 
Ncsorthclcss, the utilization of the 
steam withdrawn for heating tlic feed 
_ water c/Tccts an improsenient m thermal 

cfTicicncy oaer the Rankinc c>t1c A 
tjpical example using three stage feed heating discloses the following 
approximate comparatue results 




Ideal Rankmc 
Cytic 

Ideal Rrgcnrrauie 
Feed llniing Cycle 

Pressure of steam entering turbine 
Temperature of sieam entering 

300 Ib per sq in ala 

300 lb per sq m afa 

turbine 

520’ r 

520’ f 

Steam per 1 hp-br 

61b 

7 lb 

Steam passing to condenser 
lint supplied via boiler and 

6lh 

5 31b 

superheater 

1220 Biu per Ib 

965 Bm per lb 

Thermal cfT cicncy 

34 3- 

37 5-f 


Relieoling ond Reneoling Regenemtive Cycl«i 

Steam plants using superheated steam at high imtial pressure offer 
the possibility of improvTment outside the Rankinc cyxlc b) reheating 


the steam between pressure stages in 
the turbine This is accompUsl ctl 
b\ returning the steam to the lx>ilcr 
for resuperheating after partial cx 
pansion in the lugh pressure section 
of the turbine ^\ftcr reheating the 
expansion is completed in a lowtr 
pressure section of the turbine The 
TS diagram of a reheating cyrlc is 
shown in Hg 8-13 Expansion 
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(cd) \vill ordinarily be carried initially to or near the saturation point. 
Reheating is represented by the path and the final expansion carried 
out is indicated by c'D. The additional heat supplied during process rfc' 
is of some significance, as is indicated by the diagram. However, the 


important advantage is the de- 
crease in condensation coupled 
with the delay in its occurrence. 
This effect is particularly sig- 
nificant in turbines where the 
presence of liquid is most 
harmful. 

A combination of reheating 
and regenerative feed water 
heating is customary in plants 
^vhere reheating is employed. 
In this arrangement the first 
feed heater usually draws its 
steam from the line returning 
the steam to the reheater. 
Subsequent heaters are sup- 
plied with steam bled after the 
reheated steam has partially 
completed its expansion. Some 
indication of the effectiveness 
of this combination type of 
cycle may be gained from the 
curves shown in Fig. 8-^14.* 


28'^ Vacuum 



Boiler Pressure lb /sq in. Abs 


Binary Cycles t 

Raising the upper tempera- 
ture of steam cycles by pro- 
gressive increases in boiler pres- 
sure has not been accomplished 
without difficulties, and further 
efforts to increase pressures are 


Fjc. 8-14. 

(a) Maximum ideal Rankine cycle efficiency. 
(b) Overall plant efficiency with Rankine cycle, 
(r) Overall plant efficiency with reheating-re- 
generative cycle. (From A. H. Law and J. P. 
Chittenden, “Higher Steam Pressures and Their 
Application to the Steam Turbine,” Journal of 
the Jnstitute of Electrical Engineers, vol. 66, 
p. 94.) 


likely to create new and intricate problems. Recent experiments have in- 


dicated serious difficulties arising from the high velocity that accompanies 


evaporation at very high pressure. A tendency for the water vapor to dis- 


* A. H. Law and J. P. Chittenden, “Higher Steam Pressures and Their Application to 
the Steam Turbine,** T^he Journal oj the Institute of Electrical EngimcrSf 66: 94, January, 1928. 

t Gustaf A. Gaffert, “High-Pressure Steam and Binary Cycles as a Means of Improving 
Power Station Efficiency,** Trans* A*S*M*E.^ 56:755, 1935, 
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sociate and form free gases, \Mih resultant nns deienoraung effects on 
metals, has also been obscrsrd It is not surprising, then, that considera. 
tion has been givxn to the possibilities of einplojing media uhich e\npo« 
rate at a high temperature and a rclativd> low pressure Such media arc 
available, but their me sing!) docs not meet the necessar> requirements 
because they also condense at rclativTly high temperature at ordinary 
condenser pressure HowevTT, the possibilit) of combining tvi'o e)^!?* 
using different medn docs have potentialities In principle, the binary 
c>xJc involves the follovsing 

1 Use of a “top” fluid whose vapor temperature is rclativcl) high at 

about 200 to 300 lb per sq in pressure „ 

2 Use of a “lower” fluid which will evaporate at suitable pressure 
at a temperature below the condenser temperature of the top fluid 

3 Evaporation of the “top” fluid in a boiler and expansion of the 
vapor through a turbine 

4 Use of the “top" fluid condenser as a heat exchanger to evaporate 
the "lower” fluid 

5 Superheating and expansion of the “lovser” fluid through a second 
turbine Condensation of the "lower” fluid m an ordinao vvatcr<ooIctl 
condenser 

Water appears as the logical "lower” fluid vshich satisfies all the 
requirements nicel> A satisfactory “top" fluid must, m general, satisfy 
the following conditions, as pointed out by Gaffcrt * 

1 The s'apor pressure cune must be such that reasonable pressures, per- 
haps not over 300 lb per sq iru, obtain at highest operaung temperatures 

2 The critical temperature should be well abov'c an} powiblc de«ra!Ic 
upper limit of temperature for cycle operation 

3 The vapor pressure at a doinble condensation temperature should be 
nearly atmospheric or at least not so low as to require excessw e power for main- 
tenance of vacuum 

4 The ipeafic heat of the liquid should be low relame to water 

5 The fluid should not be cost!) and should be obtainable in rcaxmably 
hrge quantities. 

6 The fluid should ha\“C no corrmwT action upon metals otdnanly m 
ployed in power generation pracuce. 

7 The fluid should not be povsonous or toxic and thereby endanger human 
life 

8 The freezing point of the fluid should be well below ambieni room 
impcrature 

9 The fluid should be stable under condi lions of cycle operation at 

vated t*mpcratufTS. m » 

10 The vTipor condiuon after expansion through a turbine srouid be 
near!) saturated so that a reasonable coeflicienl of heat transfer will obtain. 

•nu,iss 
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Of the fluids which have received consideration as ‘‘top’’ fluids — ‘ 
namely, aluminum bromide, zinc-ammonium chloride, mercury di- 
phenyl and diphenyloxide — only mercury may be said to come safely 
within all of the requirements. 

Several plants that use a mercury-water binary cycle are in operation 
in this country. From a thermal efficiency standpoint their existence 
is amply justified. The world’s production rate of mercury places one 
definite limitation on the extent to which this cycle may be generally 
adopted. Other economic factors that are involved put the mercury- 



water binary cycle in a very specialized field. Possibly some other fluid 
will be found that will solve the problem of the binary cycle more satis- 
factorily. t)oubtless the possibilities have not yet been fully explored. 

Fig. 8-15 shows the representation of a mercury-water binary cycle 
on the TS plane. Because of the specific heat relationship, this cycle 
requires an approximate ratio of 9 lb of mercury to 1 lb of water in 
circulation. 

The Reciprocating Steam Engine 

Although it is not the purpose of this chapter to discuss in detail the 
various mechanisms of the steam cycle, some consideration must be given 
to the processes which take place in the engine. The reciprocating 
engine and the turbine are the devices used in the steam cycle to convert 
a part of the available energy into shaft work. The conception of the 
theory of the turbine antedates that of the reciprocating engine by many 
years, although the latter \vas the first to be developed commercially. 



Fvndamtntab of Tbtnnedynomtet 

The rccjpTocating engine %\'as immied in the htter part of the right* 
centh ccntur>' by James Watt, an c^’cnt that marked the betpnning of 
the industnaJ era. Only within the last quarter century has the turbine 
largely displaced it ui industrial importance, 

Tlic con^'cntional modem reciprocating steam engine 1$ of the 
double-acting, multiple-expansion, mulii-c>linder t>-pe. In a double- 
acting engine steam is admitted alternately on both sides of the piston. 
The multiple-expansion engine inwKrs carrjing out the expamion 
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from boiler to condenser pressure in a senes of stages, each stage of 
expansion taking place in one or more cylinders Tor the basic analj-sii 
onl) one single-acting cylinder need be comsdered Essentially, a 
simple engine must consist of a c\ Under, a cylinder head waih suitable 
admission and exhaust saKxs, a piston and the ncccssar) puton rod, 
crosshcad, connecting rod, and crankshaft (see Bg &-16). 

The m-o extremes in c>eje operation of the engine are the non-expan- 
Sion and complete-expansion engines In the non-expansion engine, 
steam w admitted dunng the entire 
piston stroke, thus ginng the cfTcci of 
a constant-pressure floiv process. At 
the end of the stroke the exhaust port 
is uneosrred and the c> Under pressure 
drops quickly as the steam nislies out 
Ordinarily tins type of engine, which 
has some application in certain types of 
pumps, steam hammers, and similar 
dcsaccs, exhausts to the atmosphcrc- 
Thc return stroke of the piston remoses 
the residue steam from the cylinder. Neglecting clearance, we may 
represent the cyxie of such an engine Jiy a diagram like that shosvn In 
Fig 8-17, The net work of the cycle is clearly 

“ p^,) “ !’»(/'» - p,) 



V 
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where pb zxiA pc are admission and condenser (or atmospheric) pressure 
respectively, and Vb is the volume swept through by the piston. This 
cycle delivers maximum power for a given piston stroke. It is least 
economical from the standpoint of steam consumption per unit of power 
because no useful effect is obtained by the pressure drop from b to c. 

The cycle of operation for a complete-expansion engine (clearance 
being neglected) is represented on a pV diagram by Fig, 8-18. In such 
an engine the admission valve must 
close at a point b (called the point 
of cutoff) so that expansion to con- 
denser pressure pc will be complete 
at the end of the piston stroke. Such 
complete expansion requires a pis- 
ton stroke of impractical length. 

Furthermore, beyond the point r, 
the work gained is offset by mechani- 
cal friction and no net useful effect 
is obtained. For these reasons the complete-expansion cycle is not used 
in practice. For purposes of comparison in the discussion to follow, 
it is pertinent to notice how the work of this engine cycle may be evalu- 
ated. Reversible adiabatic conditions are assumed for the analysis. 
The work during process ab equals pbVi^ For the adiabatic expansion 
be the work equals Eb — Ec- For process cd the work equals peVe^ 
Hence the net work equals 

pbVb + {Eb - Ec) - peVe - Mlipm + eb) - {peVe + Cc)] 

= M{hb — Ac) 

where h is the enthalpy of the admission steam and he is the enthalpy 
of the steam entering the condenser. 

Let us view the whole process, abed, as a flow process, which is actually 
the case when the engine is considered as an integral part of the entire 
steam cycle. We then see that the above analysis is in accord with the 
general proposition that for a reversible adiabatic flow process with negligible 
change in velocity the external work done is measured by the change in enthalpy 
of the medium. ‘ 

The Incomplete-Expansion Cycle 

The practical cycle for reciprocating steam engines lies between the 
two extremes discussed above and is applied in the incomplete-expansion 
engine. Actual engines musthave a clearance space between the cylinder 
head and piston. The exhaust valve is set to close early so that steam 
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in the clearance spice uill be compressed to appnxximaiel) the state 
of admission stcim The compression of this steam during the latter 
part of the exhaust stroke serves to cushion the reciprocating masses 
It also raises the temperature of the mctils and thus reduces condensation 
dunng the inutal part of the stroVe An actual indicator diagram for 
one end of an engine cylinder is shoum in Fig 8-19. The net u-ork 
of the engine miy be determined from such a diagram by ascertaining 
the mein cfTectivc pressure as outlined on page 223 and using the 
expression If' •« p,lAS 
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Complete analysis of a reciprocating engine cyirle ImuK-es consider* 
ation of the influence of the steam left in the clearance space, as veil 
as of tlic clTccts of throttling, condensation, and recs'aporation dunng 
the engine’s cyxlc of operations Since such an analy’sii h beyond the 
scope of this book, m order to simplify the discussion of pnnciplcs 
involved we shall use an ideal cyxic vvitli adiabatic expansion and no 
clearance, as depicted in Fig 8-20 
With the exhiust port closed, steam is admitted at a constant pressure 
p* dunng process ab The admission valvx closes a! h, the point of cutoff 
Expansion along path br continues to pressure p, at the end of the piston 
stroke Tlic exhaust port is uncovered at point >, called the point of 
release ITic cylinder pressure then drops to /, (condenser pressure) ai 
the steam rushes through the exhaust port Dunng the return stroke, 
represented by id, the residual steam is rcmovxd from the cyhnrlcr. 
It IS uxirth uhile to compare the diagram ahnd vith those uhich repre* 
sent complete expansion for the same prc«urc range, as indicated by 
the dotted lines If complete expansion to point e u to be achieved, 
early cutoff at h' is required, uith resultant lots of pov^xr for the given 
cylinder sac On the other hand, complete cxpinsion with cutoff at h 
v%t)uld require increased cylinder size, as indicated by the location of s'. 
Vs usual, the uork of the engine cycle is represented by the closed area 
on the pl'diagram, in this instance chtd Since ah and id arc consunt* 
pressure processes and hr is an adtabauc expansion, we haix 
W’ork of the engine cyrlc • + (r* — r.) — 
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It will be observed that in this case the work is not equal to the 
difference between hb and he* This results from the fact that, even for 
the assumptions made, the process from 6 to c is not reversible* Process 
rr is a highly irreversible throttling of the steam through the exhaust port. 

The effect of this process is illustrated on the TS and hS diagrams 
shown in Figs. 8-21 and 8-22 respectively. 




Whereas path be represents reversible adiabatic expansion to con- 
denser pressure pc^ path br represents adiabatic expansion to pr, the 
pressure at point of release. The throttling change r to x, being irre- 
versible, cannot be represented by a definite path, but results in an 
increase in entropy to point x. The shaded area on the TS diagram 
illustrates the resultant increase in unavailable energy. 

Actually the cycle of an engine departs even further from path be 
than is indicated above. This is the result of throttling on admission and 
of condensation and reevaporation while the steam is in the cylinder. 
As the steam enters the cylinder the cylinder wall and piston face are 
relatively cool compared to the temperature of the steam. Hence heat 
flows from the steam to the metal, with resulting condensation. As 
expansion proceeds and the steam temperature falls, heat flows from the 
metal to the steam and causes reevaporation. These are irreversible 
processes which cause an increase in entropy and hdnee a decrease in 
availability of energy. Probably the path of the changes is approxi- 
mately represented by the dotted lines shown in Figs. 8-21 and 8-22. 
However, it must be recognized that the actual path of an irreversible 
process is not determinable. For further discussion of the influences 
which tend to reduce engine efficiency, together with the methods 
employed to. minimize their effect, the student should refer to texts 
which treat the thermodynamics of steam engineering in detail.* 

* W. N. Barnard, F. O. EUenwood, and C. F, Hirshfdd, Heat Power Engineering, WiJey; 
P. J. Kiefer and M. C. Stuart, Prindples oj Engineering Thermodynamics, Wiley. 
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Engine Governing 

One of <lic distinctly desirable features of the reciprocatint* steam 
engine IS Its fietiVuluj i c , Us ability to operate at practical!) constant 
speed under a \ariablc load This \anation of posver output at uniform 
speed IS accomplished by changing the mean cfTectne pressure either 
by throttling the admiision steam or by saury ing llic point of cutoff 

\Micn throttling is used the steam supply is controlled by a throttle 
\ alv c opera ted amoma tical 1 y by a n cngi ne go% ernor Tlic cngi nc spretls 
up as the load decreases and thereby causes the gosTrnor to ino\e the 
throttle \3lsc tmv-ard closure The comerse sequence occurs if the load 
IS increased Variation in the opening in the throttle \aKc changes 
both the pressure and the mass rale of floii of steam to the engine 
Throttling IS always a distinctly irrcscrsible process and so is accom 
panicd by an increase in entropy, with a consequent decrease in the 
availability of energy Tins effect is somewhat offset by the reduction 
in initial condensation which results from the slight superheating of the 
steam incident to throttling 

Tlie cutoff can also be adsainced or delayed by means of n go\ ernor 
sensitise to the change m speed as the load sanes In this method of 
engine control the amount of steam admiitcd per cycle w \ancd but 
there IS no change m its admission pressure M the load decreases the 
point of cutoff IS advanced (sec Pig 8 20) and more complete expansion 
occurs with a resultant decrease in the loss caused by irrcscntble 
throttling through the cxliiusi port Ilowci'cr this benefit may lie 
largely nullified by the increase m initial condeasattom Somewhat the 
comerse effect may be presumed to occur when cutoff is delayed to 
proiade for an increase m the pow-er load Under general conditions 
and for the usual range of engine loading greater effiaenq results 
from governing by cutoff variation than by throttling 

Turbines 

Tlic turbine has an inherent advantage over the Teciprocaiing steam 
engine m that it is a rclauvTly light and compact unit capable of deliver 
mg high Toiaiive speed 

Tlie ihcrmodynamic problem encountered m the ideal turbine is 
that of converting the available energy stored in boiler steam to kinetic 
cnergv Tins is accomplished by increasing (he velocity of the steam 
at the expense of its prcKurc Tlie problem of converting the kinetic 
energy of the fluid to shaft work is one of dynamics In conformity with 
the particular dynamic principle employed in this comers on turbm'^ 
arc broadly classified as cf the impulse or the reaction type llie ancients 
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knew the dynamic principles of impulse and reaction and applied them 
in simple devices employing expanding vapors. The same principles 
are utilized in the modern complex steam turbine which, since the 
latter part of thedast century, has usurped the dominant position pre- 
viously held by the reciprocating engine in commercial power de- 
velopment. 

The essential mechanical elements of a turbine are: 

1. A rotor attached to a revolving shaft through which it is desired to 
transmit work. 

2. Suitably arranged blading or vanes attached to the rotor and upon 
which the dynamic effect of the high-velocity fluid is exerted, 

3. A stationary casing, well sealed. 

4. Stationary nozzles or blading attached to the casing which control 
the path and character of flow of the medium. 

Both the design of blading and nozzles and the way in which the two 
are combined profoundly affect the character of the pressure and velocity 
changes of the fluid as it expands through the turbine. 

The Expansion of Steam Through a Nozzle 

This type of thermodynamic change was briefly presented in an 
example on page 33. In turbines the function of the nozzle is to increase 
velocity and produce a directed jet with a minimum loss of availability 
of energy through flow friction. The type of nozzle conventionally 
employed is convergent-divergent (see 
Fig. page 33). Flow through 
a nozzle may be considered as 
adiabatic but is nevertheless irre- 
versible because of the unavoidable 
fluid friction encountered. Since 
the energy transformed into heat 
by flow friction remains in the 
medium, the net effect is that the 
fluid emerges from the nozzle with 
a greater enthalpy than would be 
the case if expansion through the 
same pressure gradient occurred 
reversibly. Fig. 8-23 illustrates 
this effect. Path 1-2 represents reversible expansion, whereas at the end 
of irreversible expansion to the same condenser pressure, the medium 
is in state x. The effect is not without some benefit, however, for the 
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qualjt) It state x is higher than that at state 2 Hus icntleac^ to delay 
and reduce condensation is lughl) desirable in turbines 
Since the process of expansion is comidercd to be adialiatic and no 
external ssork is performed, for rcscrsiblc flou the General Flaw Ijqua 
tion reduces to 


and 




«i » VM t X J{hi - A,) + i 


The quantity i/j* maj or maj not be negligible, depending on the par- 
ticular conditions For the case where steam enters the nozzle from the 
steam line suppl> ut* ma) be neglected and 

-n44 4“x 


Ulicn the irrc\crsibilit> of the process as illustrated m Hg 8-23 Is 
taken into account 

u, « V64 4 X 

and if Ui IS negligible 

V, 4 X /(A, - fi.) 


Since A, is greater than Aj it follows that the effect of tlie ijrcsmiblc 
fnclional process is to reduce the axlocny of exit Tlie ratio ^ is called 

the NTlocuy eocfiicicnt (Cth) Another cocfTicicm of more imrrtst to the 
engineer is the ratio 

(u* - ^ (A, ~ A ) 

{u,' - «,*) “ (A. - A.) 


called nozzle cfiiciency For nej^hgiblc imual \a:Iocn^ 
sTlocitY coefficient ** a/nozzlc efficiency 
As j-ct no rational method has been desased for predicting nozzle 
efficiencies; nxperitnents ha\c disclosed that efficiencies of actual 
steam turbine nozzles range from 0 90 to 0 97 They arc subject to 
considerable fluctuation with the state of the steam flowing * 

Tlie purpose of tl c following example is to give the student an appre 
ciaiton of the magnitude of v'cloaty which may be dcsfloped by expan- 
sion of steam through a nozzle 


ExsnfU 

Steam initially at 200 lb per kj in ab» arrf 400* F expand* throu'’h a wmlc 
to a ducliarge region at 1 50 Ib per tq m afx*. fur the nozzle b 0 98 Neglect 
ing s-elociq of approach (aO detemire the selocio of s can entorirg tV 
dtscharge region 

•P J KifJrr ind at C TW^/eu-*. ts'Cry 
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Solution 

Kx = 0.98V64.4 J{hi ~ hi) 

The steam is initially superheated. From the MoIIier chart hi is 1209,8 Btu, 
Account has been taken of the irreversibility of the process by use of Cyei. Hence 
hi = 1186 Btu is determined as if the process were reversible and adiabatic. 

Then = 0.98V64.4 X 778(1209.8 - 1186) 

= 1070 ft per sec 

The Impulse Turbine 

• In this type of turbine the mechanical effect is derived mainly from 
the direct impact of the steam against the moving blades. Hence there 
is a transfer of momentum from fluid to blades by 
impulse^ and the turbine is said to be of the impulse 
type. The work done on the moving blades as a 
result of this exchange of momentum is at the ex- 
pense of the kinetic energy of the fluid. In order to 
produce the desired effect, the steam must strike 
the moving blades with a high relative velocity. 

Since the peripheral speed of the blades is also high, 
the steam must approach the blades with considera- 
ble absolute velocity. This velocity is attained from 
the expansion of the steam through stationary noz- 
zles. Nicety of design is required in order that the 
steam shall strike the moving blades in the manner 
most effective for kinetic energy transfer with mini- 
mum shock loss and turbulence.* 

The simplest type of impulse turbine consists of 
one element composed of a set of stationary nozzles 
and a single disk or rotor with blades set in the rim 
(see Fig. 8-'24). A fundamental characteristic of the im- 
pulse turbine lies in the design of the blading which provides 
that the pressure at the exit of any row of moving blades 
shall be the same as the pressure at the entrance to that row 
of blades. There is also the theoretical objective that 
the enthalpy shall remain constant during the flow 
through the blade channel. If in fact the enthalpy 
were constant, the blade channel should be of con- 
stant cross-sectional area. However, because of 
turbulence and friction there is some increase in enthalpy with the 
resultant increase in entropy. There must therefore be a slight increase 

* G. J, Meyers, Steam Turbines^ A Treatise Covering U» S. Naval Practice^ United States Naval 
Institute, chap. 6. 
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Simple Impulse Tuihine 
Fig. 8-24. 

(From G. J. Meyers, 
Steam Turbines, U. S. 
Naval Institute, p. 24.) 
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m specific \t>Iumc at point 3 o\-cr that at point 2 \'khtch mint be pro* 
vided for m the design of the Wading 
The flo%\ equation across the blading for rrrrnVf fint. reduces to 

“ + 7A, » ^ 4- iH I 

Since theorcncaU) Ai «* ht 

,jj’, «, £* — ^ Uj of steam 

Actually at point 2 vtIocii^ is w, and cnihilpj is A* as designated in the 
nozzle aml>’sis on page 264 Call the actual cnihalp> and vrloat) at 
point 3» A, and Tlicn 

+ yA. - + Jh, + sir, 

For the nozzle 

^ + JA, « -f Jh, 

2s 2f 

B> combining these tu-o equations the xsork for the element u expressed 

b> ^ 

n •» J(h, - A,) “ per Ib of steam 

WTicn Vt js considered negligible this equation reduces to 
» ■» y(A, - A,) - 1^’ 

From this equation sse conclude that aside from comidcration of irrc* 
\crstbilit) which increases A„ increase in the work output rcqutrrs a 
reduction in the absolute exit \clocit> The reduction of to a 
raimmum m one rois of blading not onlj is difTicult to achicst but In 
snlves cxccssuTly hig'h rotor speed, cspeaiTftj ii the initul pressure is 
high In the early stages of turbine de%elopment many s ngle-stage im 
pulse turbin'a were built But esm s«th the boiler steam |>ressurcs of 
around 100 lb of that ume, rotor speeds were so high as to cause trouble 
sMih ccninfugal stresses, and reduction gears between the turbine and 
dnvrn machinery were an essential part of the equipment As desrlop* 
m^nt proceeded, pretmre staging or s-clocity staging was employed to 
obtain complete expansion at suitable rotor speeds 
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Pressure Staging — Impulse Turbine 

In the simplest form the physical arrangement for pressure staging is 
that shown in Fig* 8-25. Each set of moving blades is in a separate 
compartment, and the steam passes from one compartment to another 
via the stationary expanding nozzles. Any number of such dements or 
stages may be used in series. Some 
commercial turbines have as many 
as 25 stages. By this arrangement 
the total pressure drop from steam 
to condenser is distributed over the 
series of elements and the jet velocity 
from any one set of nozzles is thereby 
reduced. Thus rotor speed is re- 
duced and the leaving velocity is 
reduced to a minimum. 

Velocity Staging — Impulse Turbine 

Fig. 8-26 shows the general 
physical arrangement of a turbine 
employing velocity compounding. 

Multiple rows of moving blades in a 
single compartment are separated by 
rows of stationary blades. The lat- 
ter serve to redirect the flow of the 
steam after its passage through a row 
of moving blades. The design of the 
stationary blading is such as to pro- 
vide for constant-pressure flow, thus 
preserving the characteristic of the 
impulse turbine. Of course the steam 
velocity progressively decreases as 
kinetic energy is absorbed by each 
row of moving blades. No more 
than three or four velocity stages are used in any one pressure stage. 
However, velocity staging is usually repeated in successive compartments 
Qr pressure stages. This is called pressure-velocity compounding. 





Velocities 






Pressures 

Impulse Turbine Pressure Staging 
Fig. 8-25. 

(From G. J. Meyers. Steam Turbh^s, 
U. S. Naval Institute, p. 27.) 


Reaction Turbines 

In the conventional type of reaction turbine, force is exerted on the 
moring blades by a combination of impulse and reaction. Tlic blades 
arc set so that a part of the kinetic energy of the entering steam 
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is Imparted to them b>' direct impact. ITieir form, hm^rvtr, It luch 
that each of the channels bct>wn t!>cm has the effect of a nozrlc. 
As the steam passes thfoutsh the channel it etpands to a Im^tr pressure 
and produces a reaettve force or recoil sshich oxsisu in driving Oie blades. 
In a sense, the moving blades may be regarded as a ro\v of nHmng 
nozzles. The reaction turbine is made up of alternate rmvj of owing 
and guide blades, as illustrated in Fig. 6''27. The guide blades, \shkh 




r»c. »-C6 Vflodty 
Compodixtlnit Impulie 
Ttiifcjoe. (Trota G J 
Mom, StMwj TufbtM, 
U S NjrsI ImtittJir, 

^ M) 


r if WttT w 
ric. 8-17. Rrtolcft TotliiM 
(Tnxn C J Mom, Jimo 
TttTbInn, U S Ntnl iMtltuic 
P 35) 


serve chiefl) to direct the flow, arc attached to the casing The nwing 
blades arc attached to the rotor, which is m the form of a drum attached 
to the shaft. In a reaction turbine, the itcam expands continuously from 
the supply line pressure to condenser pressure with gradually increasing 
\xloaiy. If the rotor were held stationary and steam allowed to flow 
through the turbine, the blade passages taVen logetlier would constitute 
one long expansion nozzle (sec eh m Hg 8-27) In operation ih" steam 
first expantb through a row of guide blades, acquires an Initial seloaty, 
and undergoes a drop in enthalpy. It then flow's through the moving 
blades, docs wotk on them, and at die same time expands to a lower 
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pressure. A characteristic feature of the reaction turbine is the fact that there is a 
pressure drop from entrance to exit of any moving blade. The blading of a 
reaction turbine is conventionally designed so that about the same 
amount of work is done by impulse as by reaction. The number of 
elements — that is, pairs of guide blades and moving blades — is a 
matter of design and may run as high as 40 or more. 

The same expression for work is applicable to both impulse and 
reaction turbines. 

W = J{ha - h) - per lb of steam 

In this equation a and b are the points of entrance and exit respectively 
of the flow stream; With actual values of enthalpy and absolute velocity 
substituted in the equation, account is taken of the loss caused both by 
irreversible flow and by the leaving velocity. If both admission and 
exit velocity for the turbine as a whole may be considered negligible 
and an assumption of adiabatic reversible flow is made, the equation 
above reduces to the familiar form 

W = J{ha - A6i) 

Here hii is the value of enthalpy determined from the Mollier chart by 
following a constant-entropy line from the initial state point of the steam to 
its intersection with the pressure line corresponding to condenser pressure. 

The reaction turbine may be readily designed to operate at low rota- 
tive speeds. It can also be operated at speeds different from those of the 
design with less efficiency loss than in the impulse turbine. Its disad- 
vantage is that it is not well adapted for use with initial high-pressure 
steam because of unfavorable weight and space factors. Consequently 
large turbines made up wholly of reaction elements are now not much 
used. Modern practice tends toward either the impulse or the mixed 
turbine. The latter is a combination of the impulse and reaction types, 
with impulse stages at the high-pressure end followed by reaction blading 
after perhaps half of the tot^ pressure drop has been achieved. 

The following summary of types of turbines and the names associated 
with them is presented for reference purposes. 

1 . Simple impulse — DeLaval 

2. Pressure staging impulse — Rateau 

3. Velocity compounding impulse — Curtis 

4. Pressure-velocity compounding impulse — Curtis 

5. Reaction compounding — Parsons 

6. Combined impulse and reaction (mixed) — Westinghouse, Gen- 
eral Electric 
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PROBLEMS 

1 Sho» by djitnTim a RanVmc cydc on the hS and TS pbr>«, Na-ne de 
chinije of Jtntc rtpresenung each part of the C)clc and the apparatui In 
\sK$ch the change takes phee By xujng the values of enihaljjy tndicatnl 
on the Mollier cliart determine the cfTicicncy of the cyxJe TcIJ how to funl 
the external done in a Rankinc c^xle 

2 71>c following cycle u approximitcly representauvt of a simple steam power 
phne , use a scale of 1 in - 200“ F and 1 in - 0 5 cnirop) unit per Ih of 
steam and plot the cycle on the TS diagram with origin at absolute irro 
Feed ss iter at 165 lb per sq in u wanned from 100* f to 366“ F and then 
IS completely xaponr^ The steam then expands tlixough n turbine to a 
pressure of 0 95 lb per sq m, with an increase of cntrojiy from 1363 to 
1 750 because of irrrvTnlbiltiy The steam is then condensed to water at 
0 95 lb per sq in , tliu Is pumped into the boiler again as feed wafer TJir 
compression of the water in the feed pump takes place adiabaticall) with 
a w holly negligible increase of temperature or entropy 

(a) Compute from your diagram the total amount of energy supjJirtl 
in warming and xaponnng the water (b) Clicck din 'value svith the 
steam table (c) Compute die minimum unavailable and maximum 
axailabic portions of the total energy supply which ought Ivaxe bem 
utilized jf the eyeU hal rererrii/e, and from them determine the tital 
maximum thermal clTiCicncy if the cycle had been rcxxrslhle (d) From 
your diagram compute the energy actuall) discarded in the condenser, an<l 
check by analysis Then determine the amount of energy that lircame 
unaxailable because of the irrcxTrsibility (c) Compute the energy that 
xvas actually axatlable for debs cry as wxirk by the turbine, and detenninc 
the ihemial efikicncy of the cycle (0 Make a scale diagram of the 
cycle on an hS chan (Mollicr diagram), showang in dolled lines the same 
cycle svitb an ideal reversible expansion Instead of die inrvcnil le one 

3 Asteam engine w Inch exliausts to the altnospherercceivess earn of 0 95 quality 
at 100 Ib per sq m abs pressure The exhaust pressure is 15 Ib per sq In alrt, 
and the steam coasumpiion of the engine ts 30 lb per indicated hp-lir kShat 
is the thermal e/nciency of the engine’ What u the cfiiciency of the Ideal 
Rankinc cyxlc operating under die same conditions? What u the rfltfiency 
of the Carnot cycle operating between the same temperafure liiniu’ 

4 Tlirtc plants are operated with a steam temperature of 750* f and tie 
same xacuum in the condenser, but the first has xm initial steam pressure of 
1150 lb per sq m the second 550, and the third 285 Which j lant ts die 
most economical from the thermodynamic standpoint, if all ojieratc with 
the same type of cycle’ 

5 One lb of steam at a pressure of 160 lb per sq in abs and quahty 0 95 goes 
through an ideal Rankinc cycle The exhaust pressure « 15 I’l per lit- 
abs Und (a) the work of the cycle, (b) the heat added to the cycle, (c) tV 
efficiency of the cy'^\ (d) the steam ccnumption per Jiorsepwrr hour 

6 One lb of steam at a xirrssure of 200 lb per sq In abi and 200* f luperlieat 
passes dixough a modified Rarkinc cycle The release prcsiniie ts 15 B* 
per sq m. abs and th* exhaust pressure ts 10 Ib per sq Im abs. Calculate l e 
Mt work and tlve effictency of the cycle 
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7. Two ib of steam at a pressure of 120 Ib per sq in. abs and a volume of 8.154 
cu ft perform an ideal Rankine cycle. The exhaust pressure is 3 lb per sq in. 
abs. (a) What is the efficiency of the cycle? (b) What is the net work of 
the cycle? 

8. Steam is supplied to an engine at 150 lb gage and qucility 0.98. The steam 
consumption is 18.6 lb per hp-hr. The absolute pressure in the condenser 
is 3.8 in. of mercury, (a) What is the enthalpy h supplied per horse- 
power hour? (b) What is the thermal efficiency? (c) If the engine ex- 
panded the steam adiabatically and reversibly, how many Btu would be 
available per 18,6 lb of steam? (d) What is the engine efficiency? 



List of Symbols 


A Atta 

a Volumi for real pasn 

B The gas constMt m the rquaiion PV — MDT Tlie utuu o! B arc ft lh«/lh/ 
degree Ranltine 

/} PrrssvTt for real gases 

Bttl British thermal smtl 

C Mala! speafe heat (Abo used to represent therrue! rrnfj {n dtc gcneeal 
energy erjuation, to abhresTate centigrade, and as a general abbmiatton 
for tenslart ) 
c Sf^nfsc heal 

r, Sf-fcifie hat for a po1> tropic change 

Spfofe hat for a constant pressure change 
Sfftific hat for a constant vulumc change 
E Intrinsic nur^ o( M units of ss eight of a medium, 

/ Jn^instc frngj of unit sscight of a medium 
or Ar Chmgt m tr^mstc rrrrfj 
{ mj of a cell 

F Frrt mrtfj (Abo used to abbresaate Falirenheit ) 

AF Chjzr*t tn Jrtt trn^ 

g Acctlerctwrt doc to the attracin e force of gra'itr exerted b> the earth (Ap» 
proximatc!> 32 2 ft^sec* at the earth's surface) 

II Erlhatpy of \t units of eight of a medium 
h Enthalpy of unit MTight of a medium 
A// or AA Chi^gt in erih^lpy 
I Electric evrrert 

J JoslPs fipuclert of heat and S’.-ork (778 ft lb equal I Btu. approximately ) 
K. Used to abbreviate Kebin 

k Tlie ratio f,/f, {Mso used to represent other constant quantities In the 
equations of heal conduction the Newtonian law of attraction between 
masses, and Oiarles' Ijw ) 

E LaUrt hai 

a hia-her tj mds m PV - rRT (AIw used to represent an undctenrlned 
constant export it, c g-> /’!'* ■■ eonst ) 

w J^iCirner 

P Tcta* prrirjrt 
P Prttrat force per umt area 
P fVr/r 

Q Ileal ipaniiiy In traroition to or from If urit* of weight of a medium. 

9 ilttX in iransiljon to or from unit weight of a medium 

J72 
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AQ, or Change in heat quantity. 

iQji. Heat quantity added or withdrawn between state points 1 and 2 for M 
units of weight of a medium. 

192 - Heat quantity added or withdrawn between state points 1 and 2 for unit 
weight of a medium. 

R. Universal gas constant. In PF = nRT^ R has units of ft-Ib/lb-mol/degree 
Rankine. (Also used as abbreviation for Rankine and to represent elec- 
trical resistance.) 

r. Compression ratio. 

S. Entropy of M units of weight of a medium. 

s. Entropy of unit weight of a medium, 
hS or Aj. Entropy change. 

O’. Radiation constant. 

T. Absolute temperature. 

t. Temperature, Fahrenheit or centigrade scales. 

u. Velocity. 

* V. Volume of M units of weight of a medium, 

V. Volume of unit weight of a medium. 

W. Work. 

iWi. Work done between state points 1 and 2 for M units of weight of a 
medium. 

\W 2 . Work done between state points 1 and 2 for unit weight of a medium. 
Umax. Maximum work. 

ATFinax. Change in the maximum work function. 

X. , Quality of a vapor. The ratio of the weight of vapor present to the total 

weight of liquid and vapor present. 

Z. Vertical distance above or below a given datum plane. 
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Air, compressed, 200 
engine, 214 
free, 210, 211 
Air compression, 200 
air engine, 214 
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clearance factor, 213 
clearance ratio, 212 
clearance volume, 211 
free air, 210 
reheating, 215 
volumetric efficiency, 210 
Air compression cycle, 201 
effect of water jacketing, 207 
evaluation of work of, 204 
multi-stage compression, 209 
overall efficiency, 216 
source of work doiTc by, ^05 
Air standard efficiency, 225 
Diesel cyxlc, 231 

internal combustion engines, 225 
Otto cycle, 226 
Andrews, 117 

Atmosphere, international, 162 
Atmospheric pressure, 1 1 
Availability of heat energy, 53 
Available heat, 77 
Avogadro’s Law, 112, 126 

B (gas constant), dimensions of, 112 
Baker, John B., 235 

Beatue-Bridgeman characteristic equation 
for gases, 117 
Beau dc Rochas, 219 
Bernoulli Equation, 25, 27 
Binary cycle, 252, 255 
Black, James, 14 


Boiler pressure, effect on efficiency of Rankinc 
Cycle, 249 
Boyle, Ro^rt, 105 
Boyle’s La^v, 105 
Brzike dynamometer, 224 
Brake power, I. C. engine, 223, 224 
Brayton, George B., 219 
Btu (British thermal unit) defined, 14 

Cn (specific heat polytropic change), 43 
evaluation for perfect gas, 154 
Cp (specific heat constant-pressure change), 
15 

rclation to Cr, 122 
variable, 120 

c, (specific heat constant- volume change), 
15 

relation to Cp, 122 
variable, 120 

Cvti (velocity coefficient), 264 
Callandar’s characteristic equation for steam, 
117 

Caloric theory of heat, 14 
Caloric defined, 14 
Calorimeter, barrel, 195 
separating, 195 

throttling, 193; limitations, 194 
Cards, indicator, 49 
Camotf Sadi, 4, 55 
Carnot cycle, 55 
description of operation, 55 
diagram, 58, 72; TS plane, 77 
efficiency, 59, 63; factors affecting, 64 
illustrative examples, 64 
Rankinc cycle comparison, 241 
Carnot principle, 59, 62 
Celsius, 8 

Centigrade temperature scale, 13 
Change of state, gaseous, 1 05, 1 35 
of perfect gas, adiabatic, 146; constant 
pressure, 140; constant volume, 135; 
isometric, 135; isothermal, 143; poly- 
tropic, 150 
of vapors, 161 

water vapor, 177; adiabatic, 186; constant 
enthalpy, 190; constant pressure, 180; 
constant v’olume, 178; isothermal, 182; 
poI>'tropic, 187 
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of perfect f «. IM 
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CilUndAT, 1J7 
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LeeiV 117 
of vapon, 116 
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Qtarlei' Law, 12, 106 
dapeyron equation, 163 
denvjtion, 164-166 
Claude, George*, 4 
Qauuu*, 4, 65, 1 66 

ehanurieruttc eqtuuon for perfect gue*. 
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Clau>iu*dapejrn>n equation, 1 66 
Oearance, air compreiiot, 210 
Clearance factor, air eoinprrxuon, 213 
Clearance ratio, air compremtnt, 212 
Clearance volume, air comprecuon, 21 1 
Corfficicnu, Joule-Tliornpaon, 132 
preoure (/I), 110 
velocity (twaale), C„i, 264 
volume {<•), 110 

Compoution, tolume, for gaiei, 126 
weiglit, for gaiev, 126 
Cbmptewrd air, 200 
Compreard air eycle 201 
effect of water jacleting, 207 
engine, 214 ■* 

evaluation of work of, 204 
niuln-«faee compreauon, 209 
overall elTieiency, 21 6 
•ourre of wot k done liy, 205 
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Cotnprrauon ratio, 221 
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clearance, 210 

evaluation of work of, 20), 204 
vofamrtrk eflieiency, 210 
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Rankine eyele, 2*6 
Conduction of brat, 20 
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Conitanti, foe van der Waali' equation, 115 
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R and P, fur gai. 112 
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Continuity, equation of. 27 
Convection, 21 
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enthalpy, 31 
entropy, 71 

functional relation of P, )*, and T, 9 
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volume, 9 
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thermodynamic, 42 
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Cyclical procew, 42 
work done In, 4S 

Dalton, 13 

Davy, Sir llurrphry. 3 
Degradauon of enf rgy, 67 
Dicacl. Ruifolph, 220 
Dwael cycle, 218. 229,221 
air-«tandard elTicicrcy, 231 
diagram of Weal 4-»trt)ke cycle, 2V3 
Dieterici, tharaeicrwiK: cqaatloo Lit pan*, 
117 

Di'Terectul.etact, *0 

t, t fictrtnne encigy), 23 
fjutnun. C n , 121 

Caatmin’t equation* foe variable epeei d 
heat, 120 

Efoeney, Carnot, 59, 63. lactoca aSectirc. 
64 
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Efficiency (coni.) 

internal combustion engines, air standard 
analysis, 225; Diesel cycle, 231; indi- 
cated thermal, 224; mechanical, 224; 
methods of computing, 222; Otto cycle, 
226; overall thermal, 224 
Rankine cycle, methods of improving, 246; 

thermal, 243 
turbine nozzle, 264 
volumetric, for air compressor, 210 
Energy, availability of heat, 53 
conservation of, law, 19, 25 
degradation of, 67 
free, 86, 88 
heat, 20 
intrinsic, 23; 24 
transformation, 19, 20 
unavailable, 80 

Energy equation, Bernoulli, 25, 27 
general, 26 
non-flow, 57 
Engine, air, 214 

Engines, internal combustion, 218; Bray ton, 
219, ,220; Diesel, 220, 221; four-stroke 
cycle, 221; Lenoir, 219; multiple cylin- 
der, 221; Otto, '219; two-stroke cycle, 221 
steam, 239; complete expansion, 258; gov- 
erning, 262; incomplete expansion, 259; 
non-expansion, 258; reciprocating, 257; 
turbine, 239 
Enthalpy (h), 31 
a point function, 93 

and heat of chemical reaction, 85, 91, 94 
application, 33, 36, 85 
change of, for evaporation, 174; for super- 
heating, 174 
of wet vapor, 170 
Entropy, 67 

a point function, 71, 74, 76 
a thermodynamic coordinate, 76 
algebraic sign of, 76 
an extensive factor of heat, 68, 69 
and irreversibility, 77 
and unavailable heat, 79 
change, 69, 70; for superheated vapor, 172; 
for wet vapor, 170; of a system, 73; of 
closed cycle, 73; of irreversible process, 
79; of perfect gas for various changes of 
state, 139, 143, 146, 150, 156 
defined, 68 
properties of, 76 
use of, 77 

Equation, Bernoulli, 25, 27 
general energy, 26 
Gibbs-Helmholtz, 93, 95 
Equations, characteristic for gases, 114, 117 
characteristic for vapors, 161; Clapeyron, 
163; Clausius-Clapeyron, 166; Keenan 
and Keys, 162 


Equations (conL) 

of perfect gas law, empirical adaptation, 
119 

variable specific heat, Eastman*s, 120 
Ericsson, John, 218 
Euken, 99 

Evaporation, enthalpy change of, 174 
latent heat of, 165, 174 
pressures of, 163-167 
temperatures of, 163-167 
Evaporation process, 162 
Exact differential, 40 
Exponent “n,” 39, 45, 106 

F (free energy), 86, 88 
relation to IVmax, 89 
Factors, compressibility, 119 
Fahrenheit temperature scale, 13 
First Law of Thermodynamics, 3, 4, 19, 25 
Free air, 210, 211 
Free energy, 86, 88 
Free energy change, equation, 95 
Free expansion, 131 
FrictionJess processes, 53, 54 
Functions, F (free energy), 86, 88 
point and path, 39 
Wmia. (maximum work), 86 

Gage pressure, 1 1 
Gages, pressure, 11 
absolute scale, 1 1 
conventional, 11 
vacuum, 11 

Gas, perfect, 106, 108; characteristic equa- 
tion of, 1 08 
Gas constant, 112 
R and B, 112 
universal, 113, 115 
Gas law, ideal, 107, 109 
application, 113 
Gas thermometer, 110 
Gaseous change of state, 105, 135 
Gaseous mixtures, 126 
apparent molecular ^veight for, 127 
gas constant for, 127 
specific heat of, 127, 128 
Gases, Linde process for liquefaction of, 133 
permanent, 105 

thermodynamic properties of, 105 
variable specific heat, 120 
volume, 126 

weight composition of, 126 
Gay-Lussac, 13, 106, 129 
Gay-Lussac*s Law, 106 
General energy equation, 26 
of thermodynamics, 28, 30 
General flow equation for turbine nozzles, 
264 

Gerry, H. T., 162 
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Ctbbi-lktmholu c^utuoo. 93, 9S 
Coodcnouch, C«r»c 235 
CovYnuAf , Ream cn^ioe, 262 
// (enthalpy), 32 

Keat o( chetrJcal reaction. 85, 9t, 94 
llrat, and work. 19 
availiUe, 77 
ccawhxnon, 20 
conteeuofl, 21 
defined. 20 

energy In traaittion. 20, 21 
evaluation of jQj, 42 
infinite aource, 56 
latent, 170. of evaporation, 165 
iiicehan.cal equivalent cf, 22 
radiation, 21 

reprraen ration by an area, 75 
tpeeific, 14, 15, variable for gam, 120 
unavailable, 77 
uniaof. 14 

Heat energy availability of, S3 
Heat of reaction, 91, 94 
and maaitnum work, 91 
equation for, 95 
Horrepower, Indicated, 223 
HotweO putrip, 246 
HotweU unk. 240 
Ideal gai, l07 
change* of Rate, 135, |40 
Ideal gai law, lff7, 109 
applicatioii, 113 
Impube turlane, 265 
prenure nagtag, 267 
velocity ttagtng, 267 

Indicated horaepower cf I C engine, 223 
Indicated thcm^ elTicieney of 1 C engine, 
223 

Indicator cartb. 49 

Indicator diagram*, Dieael engine, 223 
Otto engine, 223 
Infinite refngeratoe, 57 
Infinite aouree, beau 56 
Internal combuttion engine*, 218 
metSods cf eonipwiing efficiency, 222 
Irtemal conibuition engine eyek*. Dieacl, 
218.220,221 
Otto. 218. 221 
jwwpmg kw, 237 
thramx^ anafyn*, 235 
IntriiMie energy (77, 23 
a function ef tertprrature only, 130 
a pcrnt furiftian, 24 
change for gaae*. 147, 144, 149, 152 
evaJuanon cf A£; 136. 137, 133 
kinetic tfitory 3< 
cf wet raper, 170 
vahie cf, 42 


tftdai 

tavemon reBiperansre. 133 
Irteveruhdity, mechanical and tbermal, f() 
IfTeveruLie acLabatie enpanrion, ?5 
Irrevemble cycle*, 74 
IrreiemUe peoee**, entrofiy change cf. 79 
laoroetric change, 33 
IiopicRic change, 33 
Iwthercnal change, 37 
Iiotherma] change of *Ute of petfcct f**, 143 
entropy change, 1 46 
evaluauon tf iQi, jli'^ and J,fi; 144 

y. Joule'* mechanical rquivaleni cf heat, 23 
Joule, Jame* IWott. 3, 22, 129. 130, 151, 132 
Joulc-'I'bottkion cnefficim, t32 
Joule-Thonuon effect, 131 
Joule'* experiment, 129 
Joule'* L^, 129, 130 

I, ritio of ipecific hot* (/,/*.), 137 
h^eenan, J H-, 162 
KeKin, Lord, 4, 67 
Kelvin temperature *rale, 13 
coniTruon, 14 
Keyei, F C , 162 

Kinetic theory of intriniic energy, 24 

La'ent heat, 165 
defined. 17 

of evaporation, 17, 174 
of fudon, 17 

Latent heau, table cf, 17 
Law*. Avogadrt)'*. 112 
Boyle'*. 105 
Charle*', 106 
Cay Luaiac'i, 106 
Ideal gai, 107, 109 
Jouk u 129, 130 

cf Thertnodynamic*, 3. HtR, 3, 4, 14, 2$, 
Setcnd. 4. 65, 86. Third. 5, 97, 99 
perfect fia, 107 

Lw* eharaaerutic equation for ga*n. 1 17 
Lenoir cycle and engine, 219 
ljrwit.C N^99 
Linde proer«, 133 

Liquefaction rf gaan, Linde proce**, 153 

liquid, aaturated, 1 fJ 

Liquid hoe. 172. 174 

Lower fiuid, binary cycle, 256 

Maximum ivork. 86 
and heal cf rcacuon, 91 
Mayer, Robert. 3 
Mean effective pmiure, 223 
Mechaniral equivalent cf beat. 22 
Mediiim, wnrking, 5 
hLxturr*, f**eo«*, 124 
apparent mo!>ruJar weigh*. 127 
ga* coMtant, 127 
apretfie Iwat, 127, 123 
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Mol defined, 113 

Molecules, kinetic and potential energy of, 
24, 25 

MolUcr diagram, 176, 177 
Multi-stage compression, air, 209 

n (exponent), 39, 45, 106 
Nemst, 5, 99 

Non-flow change, constant pressure, 85 
constant volume, 84 
reversible adiabatic, 84 
Non-flow change of state of perfect gas, con- 
stant pressure, 140 
constant volume, 135 
isothermal, 143 
polytropic, 150 
reversible adiabatic, 146 
Non-flow process, 28 
energy equation, 36, 57 
Nozzle, turbine, efficiency, 264 
expansion of steam through, 263 
velocity coefficient, 264 
Nozzle efficiency, 264 

Olzewski, 133 
Otto cycle, 218-221 

air standard efficiency, 226 
diagram of ideal 4-stroke cycle, 226 

Parsons, Sir Charles, 247 
Path functions, 39 
Perfect gas, 106 
characteristic equation of, 108 
changes of state, adiabatic, 146; constant 
pressure, 140; constant volume, 135; 
isothermal, 143; polytropic, 150 
Perfect gas law, 107 
empirical adaptation, 119 
Permanent gases, 105 
Planck, 66 
Point, of cutoff, 260 
of release, 260 
Point functions, 39 
E (intrinsic energy), 93 
exact differential, 94 
F (free energy), 86, 88, 93 
H (enthalpy), 93 
S (entropy), 71, 74 
use in evaluating iQ^, and 83 
Waax (maximum work), 86, 93 
Polytropic change of state, 38 
perfect gas, 150; entropy change, 456; 

specific heat (rn), 153, 154 
water vapor, 187 
Porous plug experiment, 131 
Potential energy of a body, 10, 25 
Power, I. G. engine, brake, 223 
indicated, 223 
Power plant, steam, 240 


Pressure, defined, 10 
a thermodynamic coordinate, 9 
absolute, 11 
atmospheric, 11, 12 
coefficient (6) of, 110 
critical, 117, 118 

gage. 11 

mean effective, 223 
Pressure staging, impulse turbine, 267 
Process, constant pressure, 38 
constant volume, 38 
cyclical, 42 
non-flow, 28 
reversible, 53, 87 
steady flow, 27 
throttling, 132 
Properties, of gases, 105 
of vapors, 161, 162 
Pump, hotwell, 246 
Pumping loss, I. G. engine, 237 

(2^ evaluation of, 42 
Quality (x) of steam, defined, 168 
detennination of, 193 

72, gas constant, 112 
Radiation of heat, 21 

Stefan-Boltzmann Law, 21 
Randall, Merle, 99 
Rankinc cycle, 241 

effect, of decreasing condenser temperature 
and pressure, 246, 247; of increasing 
boiler pressure, 249; of superheating, 248 
methods of improving efficiency, 246 
thermal efficiency, 243, 246 
\vork of, 243 

Rankine temperature scale, 13 
conversion, 14 
Ratio, of compression, 221 
of specific heats, Cp/cv = k, 137 
Reaction turbine, 267 
Reciprocating steam engine, 257 
Refrigerator, infinite, 57 
Regenerative feed-heating cycle, 252 
Reheating cycle, 252, 254 
Release, point of, 260 
Reversibility, 53 
Reversible cycles, 74 
Reversible process, 53, 87 
Rumford, Count, 3 

Saturated liquid, 168, 172, 174 

Saturated vapor, 168, 172, 174 

Saturation line, 172, 174 

Second Law of Thermodynamics, 4, 65, 86 

Smith, L. B., 162 

Specific heat, 14 

at constant pressure, 15 
at constant volume, 15 
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Specific ({#« \ 
fur poiytn^pic 152, 155, 154 

of |^a«r«us mUiuff*, 127 
SpfoJic h^rati, rauo of t,ltp ■• 4, 13? 

Ubl«. 16 

varubV, for pur*. 120 
Specific voltune, 12 
Steady-(k>w pcoccK, 27 
&* alM Vapor, water 
Steam, •uperhcatcd, 171 
Steam c^r Je», 239 
binary, 252, 255 
Weal Raftlirve, 241 
incomplete eapamion, 259 
regenerative feed heating, 252 
reheating, 252, 254 
reheating regenerative, 254 
Steam engmer, 239 

eapannon, complete, 258, incomplete, 259 

governing, 262 

mechanieal clemenu of, 258 

naa<ipaiuion, 258 

reciprocating, 257 

throttling, 262 

Steam power plantj, etpnpment, 240 
improvement* in ciTieicney. 25 1 
Steam ubSm. 169. 274 
heading*, 167 

phytleal and graphic repreicniation, 172, 
173 

research, 163 

Steam turUne naze let, expanamn through, 263 
noriie eiheiency, 264 
velocity coeflicient, 264 
Steam turUnct, 262 
Impohe, 265 
prewuie itaging, 267 
reaction, 267 
t)pet. 269 

velocity riaging, 267 
Siefan'Itoiumann law, 21 
Stirling, Robert, 21B 
Superheat, degrre of, 172 
legiooof.m. 174 
Superheated (team, 171, 174 
SiaperWating viesaTi, eHett In RanUnt Cycle, 
213 

enthalpy change, 174 
Syn»et», tlirmodynanuc, 19 

Tabid, corntano far va.i dcr Waah' erjua* 
oon. IlS 

rnticaJ p ropertlet of *ome rubitanrea, 1 1 8 
la*m hrati, >7 

pot* Row change* of Mate, of perftet gat, 
l$7, of water vapor, 197 
tpeeiCe tieaii, 16 

apeetfie v<»hiiae cf liajple gaaea, 112 
ream, 274 


Temperature, a thermodytumle etMxSnav 
9 ’ 

abmlute. 13 
absolute rero cf, 12 
converwon of acaJe*, 8 
eriiical. 117, 118 
line tie theory of, 25 
meaning of, 5 
meaninng device*, 7 
cf evaporation, 165 
oflnvernon, 133 
thermodynamic aeale of, 62 
Temperature lealet, romparbon of cend- 
grade, Fahrenheit, Kehtn, and Ron- 
line, 13 

Thermal capacit), 14, 15 
Thermal eflidency, fundamental batu </. 
59 

of I C engine, 224 
Thermal Irreverdbility, 80 
Thcfmoti)tiamic change*, aduhatie, 38 
btimrinc, 38 
bopleme, 38 
lK>lhermal, 37 
Lmuing type* of, 37 
polytropic, 38 

Thermodynamic coordinate*, 4 
enthalpy, 31 
entropy, 71 
pi'c it ure, 9 
temperature, 9 
volume, 9 

Thermodynamic propertie*, of gaK*. lOS 
of vapor*. 161 

Tlierm^ynamic »caJe of aijsnlute tempera 
lure, 62 

Thermodynamic*, defined, 1 
nrtt Law of, 3. 4, 19. 25 
general energy erjuatioo of, 29 
Second Uwof, 4 , 65. 86 
Tliird Law of. 5, 97. 99 
Thertnotnefer, ga*, 110 
Thermometer*, acalei of, 8 
type* of, 7 
Thermofnetry, 6 

Third Law t4 TheTtnodynatrac*, S, 87, 99 
Thociwon, 131, 132 
Throttle valve, 190 
Throttling, Joule-Thomino tifetl. 151 
•team engine governing, 262 
Thnstthng ealnrWTveter, 193 
Emitatiofti of, 194 
Throttling yeoce**, 132, 190 
Top Pmd, laoary cycle, 256 
Trandornufinn cf energy, 19, 20 
Tutbtne norxle*, etparmon of fteart throotn, 
263 

pce-rle efTicJeoey, 264 
vekx-ity eoericbni, 264 
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Turbines, steam, 239, 262 
classification of, 263 
unpube, 265 

impulse-pressure staging, 267 
impuJse-v'docity stagin^j 267 
mechanical dements of, 263 
reaction, 267 
types, 269 

Unavailable energy, 80 

Unavailable heat, 77 

Unit heat quantity, 14 

Units used ^vith gas law equations, 111 

Universal gas constant (/?), 113, 115 

Vacuum gage, 11 
van der IVaab, 114 
van der Waab’ Equation, 114 
Vapor, water, properties of, 162 
saturated, 168 
superheated, 174 
wet, 168 

Vapor change of state, adiabatic, 186 
constant enthalpy, 1 90 
constant pressure, 180 
constant volume, 178 
bothermal, 182 
polytropic, 187 

Vapor pressure and temperature, 166 
Vapors, change of state of, 1 61 
characteristic equations of, 161 
nature of, 161 

thermodynamic properties of, 161 
Variable specific heat of gases, 120 
Velocity coefficient, 264 
Velocity staging, impube turbine, 267 


Volume, critical, 117, 118 
defined, 12 
of wet vapor, 169 
specific, 12 

Volume coefficient M, VO 
Volume composition of gases, 126 
Volumetric efficiency, air compressor, 210 

(work), evaluation of, 43 
IVinax (maximum work), 86, 87 
Water jacketing, air compressor, 207 
Water vapor, 162 

changes of state, adiabatic, 186 j constant 
enthalpy, 190; constant pressure, 180; 
constant volume, 178; bothermal, 182; 
polytropic, 187 
Watt, James, 239, 258 
Weight composition of gases, 126 
Wet vapor, 168 
enthalpy (A*), 170 
entropy (r^), 170 
intrinsic energy (^*), 170 
region of, 173, 174 
volume (vz)j 169 
Work, and heat, 19 

and mechanical energy, 22 
defined, 22 
evaluation of, 43 
maximum, 86 
of cyclical process, 48 
of air compressor, 203, 204 
Working medium, 5 

X (quality of steam), 168 

Zero, absolute, 12, 13 



